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A d e s c r i p t i o n  is given of t h e  design, cons t ruc t ion  and i n i t i a l  
t e s t i n g  of two types of Seismometer Array S t a t i o n  Processor  (SASP), one 
t o  work wi th  d a t a  stored-on magnetic tape  Tn analoFue form, t h e  o t h e r  
w i th  d a t a  i n  d i g i t a l  form. The purpose of a SASP is t o  d e t e c t  t h e  s h o r t  
per iod P waves recorded by a UK-type a r r ay  of 20 seismometers and t o  
e d i t  t h e s e  on t o  a d i g i t a l  l i b r a r y  tape  o r  d i sc .  The e d i t e d  d a t a  a r e  
then processed t o  ob ta in  a rough l o c a t i o n  f o r  t h e  source  and t o  produce 
seismograms ( a f t e r  optimum processing)  f o r  a n a l y s i s  by a se i smologis t .  
SASPs a r e  an important component i n  t h e  scheme f o r  monitoring underground 
explos ions  advocated by t h e  UK i n  t h e  Confernece of t h e  Committee on 
Disarmament. 

SASPs a r e  intended t o  opera te  o f f - l i n e  and process  24 hours  of  
a r r ay  recording i n  an hour o r  two. S h i f t  work is then  unnecessary and t h e  
remaining time i n  t h e  working day can he  used f o r  ana lys ing  t h e  de tec ted  
s igna l s .  

The o r i g i n a l  p lan  was t o  develop a SASP t o  work, a t  16 t i m e s  
r e a l  time, on a r r ay  d a t a  from UK-type a r r a v s  which c u r r e n t l y  record  d a t a  
i n  analogue form on magnetic tape  and a SASP of  t h i s  type  was developed. 
Its ope ra t ion  was not  very s a t i s f a c t o r y  because numerous spur ious  s i g n a l s  
were generated i n  t h e  analogue rep lay  system. Although t h i s  problem is 
not  insurmountable, i t  was decided t o  re-develop t h e  SASP t o  work from 
d i g i t a l  input ;  t h i s  a l s o  has  t h e  advantage t h a t  i t  al lows t h e  f u l l  
dynamic range of t h e  recording system t o  be explo i ted .  T e s t s  show t h a t  
with d i g i t a l  input  a SASP can opera te  a t  30 times r e a l  time us ing  a 
l i n e a r  d e t e c t i o n  process  and a t  20 t imes r e a l  time using t h e  log 
d e t e c t o r  of Weichert. Although t h e  l o g  d e t e c t o r  is slower, i t  has  t h e  
advantage over  t h e  l i n e a r  d e t e c t o r  t h a t  s i g n a l s  wi th  lower signal-to- 
no i se  r a t i o  can be de t ec t ed  and spur ious  l a r g e  amplitudes a r e  l e s s  l i k e l v  
t o  produce a de tec t ion .  

It is recommended, t he re fo re ,  t h a t  where p o s s i b l e  a r r a y  d a t a  
should be recorded i n  d i g i t a l  form f o r  i npu t  t o  a SASP and t h a t  t h e  l o g  
d e t e c t o r  of Weichert be used. T r i a l  runs show t h a t  a SASP i s  capable of 
d e t e c t i n g  s i g n a l s  down t o  s ignal- to-noise r a t i o s  of  about two wi th  ve ry  
few f a l s e  de t ec t ions ,  and a t  mid-continental array s i t e s  i t  should be 
capable of d e t e c t i n g  most, i f  no t  a l l ,  t h e  s i g n a l s  w i th  magnitude above 
mb 4.5; t he  UK argues t h a t ,  given a s u i t a b l e  network, it is r e a l i s t i c  t o  
hope t h a t  sources  of  t h i s  magnitude and above can be  de tec ted  and 
i d e n t i f i e d  by se i smologica l  means alone. 

INTRODUCTION 

I n  September 1965 t h e  UK t ab l ed  a working paper a t  t h e  
Eighteen Nation Disarmament Conference* [ l ]  which o u t l i n e s  a scheme 
f o r  monitoring underground explosions using a network of 20 t o  25 
seismometer ar rays ;  t h e  network is described i n  more d e t a i l  i n  
r e fe rence  [ 2 ]  of 28 Ju ly  1970. Both t h e  papers r e f e r  t o  t h e  need t o r  

*The Eighteen Nation Disarmament Conference later became t h e  Conference 
of t h e  C o n u n i t t e e  on Disarmament (CCD). 



processing the  recorded da ta  t o  make the  b e s t  use of t he  a r r ays  and an 
o u t l i n e  of t he  processing system was presented on 22 August 1972 [3] .  
The main component of t h i s  processing system i s  a SASP which would- 
opera te  a t  an a r r a y  s t a t i o n ,  d e t e c t  the  s h o r t  period (SP, w i th  
frequencies  around 1 Hz) P waves recorded by the  s t a t i o n s  and e d i t  
these  s i g n a l s  on t o  a d i g i t a l  l i b r a r y  tape or  d i s c .  These e d i t e d  d a t a  
would then be processed by t h e  SASP t o  obta in  a rough loca t ion  f o r  t h e  
source and t o  produce seismograms ( a f t e r  optimum processing) f o r  
a n a l y s i s  by a seismologist .  

2. BACKGROUND 

For t h e  UK Research and Development programme on the de tec t ion  
and i d e n t i f i c a t i o n  of earthquakes and explosions,  t h e  processing and 
a n a l y s i s  of t he  da ta  have always been done a t  a d a t a  cen t r e  s i t u a t e d  a t  
Blacknest,  If a r r a y s  a r e  t o  be used t o  monitor a comprehensive test ban 
t r e a t y ,  t h i s  approach would mean t h a t  l a rge  volumes of da ta  would have t o  
be t ransmi t ted  rap id ly  t o  a da ta  cen t r e  (which would h e  c o s t l y  however i t  
was done) and a da t a  cen t r e  would then be faced wi th  the  enormous t a sk  of 
rou t ine  processing before  any ana lvs i s  of t he  recorded s i g n a l s  could 
begin. The UK, therefore ,  advocates t h a t  i n i t i a l  processinc and a n a l v s i s  
of t he  da ta  should be done a t  t he  recording s t a t i o n .  Only the  h a s i c  
parameters of t he  recorded s i g n a l s  normally s u f f i c i e n t  t o  i d e n t i f y  
earthquakes would be t ransmi t ted  t o  the  d a t a  cent re .  The waveforms 
recorded from seismic sources t h a t  might b e  explosions c o t ~ l d  b e  
t ransmi t ted  t o  the  da ta  c e n t r e  i f  required. I n  t h i s  way the  volume of 
da t a  t h a t  would have t o  be t ransmi t ted  from the  s t a t i o n  t o  the  da ta  
cen t r e  would be g rea t ly  reduced. The lob of the  da ta  cen t r e  would then 
be t o  c o l l a t e  the  information from a l l  t he  s t a t i o n s  of the  network t o  
es t imate  hypo-centres, average magnitudes and so  on t o  enable a diagnos is  
t o  be made - earthquake o r  explosion? 

A t  an a r r a y  s i t e  t h e  ana lys t  w i l l  have t o  d e a l  wi th  about 5000 
seismic s i g n a l s  each year  bu t  these  s i g n a l s  w i l l  occupy only about 400 
hours out  of t he  t o t a l  8760 hours i n  a year. The b a s i c  purpose of SASP 
i s  t o  e l iminate  about 8000 hours of recorded noise  and present  t o  the  
ana lys t  only the  recordings of poss ib le  s igna l s ;  i n  t h i s  wav t h e  ana lys t  
can use h i s  t i m e  i n  analvsing s i g n a l s  r a t h e r  than spend i t  wading through 
many hours of noise. 

Array processors  are designed t o  d e t e c t  s i g n a l s  wi th  amplitudes 
t h a t  exceed the  average noise  l e v e l  by some spec i f i ed  f a c t o r ,  I f  t h i s  
f a c t o r  is l a r g e ,  v i r t u a l l y  a l l  de t ec t ions  w i l l  be t r u e  s i g n a l s ;  i f  the  
f a c t o r  is small ,  de t ec t ions  w i l l  be made no t  only on t r u e  s i g n a l s  but  on 
t h e  numerous apparent s i g n a l s  which r e s u l t  simply from random inc reases  
i n  t h e  noise  background; such de tec t ions  on noise  f l u c t u a t i o n s  a r e  
usua l ly  c a l l e d  f a l s e  alarms o r  f a l s e  de tec t ions .  

One of t he  requirements of SASP is t h a t  i t  should be a b l e  t o  
d e t e c t  a l l  s i g n a l s  w i th  amplitudes about 6 t i m e s  t he  roo t  mean square 
no i se  amplitude without  t he  number of f a l s e  t r i g g e r s  exceeding the  number 



of t rue  s i g n a l s  detected. For t h i s  threshold l e v e l  t h e  maximum noise  
amplitude w i l l  usual ly  be about ha l f  the  s i g n a l  amplitude and t h i s  seems 
a p r a c t i c a l  t a r g e t  f o r  i f  the  signal-to-noise r a t i o  were t o  he much l e s s  
than t h i s ,  the  ana lys i s  of the  s igna l  would be d i f f i c u l t .  For a r rays  
s i t e d  a t  mid-continental s i t e s ,  where the  background noise  i s  low, i t  is  
hoped t h a t  the  de tec t ion  threshold of a SASP w i l l  be lower than a body 
wave magnitude mb of 4.5. The UK advocates an mb of 4.5 a s  a r e a l i s t i c  
l e v e l  above which most, i f  not  a l l ,  earthquakes and explosions can h e  
iden t i f i ed .  

The problem of the  rapid processing of seismic a r ray  data  has 
been inves t iga ted  s i n c e  a r rays  were f i r s t  i n s t a l l e d .  There a r e  b a s i c a l l y  
two approaches t o  ar ray  processing: one is t o  process on-line, t h a t  is, 
the  a r ray  data  a r e  fed s t r a i g h t  i n t o  t h e  processor s o  t h a t  s i g n a l s  a r e  
detected a s  they a r e  received; the  second is t o  record the  a r ray  d a t a  
on magnetic tape f o r  some period (say 24 hours) f o r  processing l a t e r ,  
of f- l ine.  

The United Kingdom Atomic Energy Authority (UKAEA) b u i l t  one 
of t h e  f i r s t  a r ray  processors, SADA (Seismic Array Data Analyser) i n  t h e  
e a r l y  1960's; t h i s  was designed t o  opera te  of f - l ine .  The c e n t r a l  processor 
f o r  t h i s  machine was constructed espec ia l ly  f o r  t h e  purpose and had the  
disadvantage t h a t  i t  was i n f l e x i b l e  and r e l a t i v e l y  slow. During the  1960's 
computer technology developed rapidly  s o  t h a t  small  r e l i a b l e  d i g i t a l  
computers of high speed became widely avai lable .  The obvious approach 
was t o  bu i ld  a processor around one of these  computers. This was done 
i n  Canada [ 4 ]  where a processor f o r  use o f f - l ine  was b u i l t  t o  process 
da ta  from the  Yellowknife (Canada) array.  With t h i s  machine, a r ray  d a t a  
was i n i t i a l l y  processed a t  twice the  recording speed, but  l a t e r  the  
processing speed was increased t o  four t i m e s  t h e  recording speed. More 
recent ly  t h e  Canadians have switched t o  on-line processing using a 
machine ca l l ed  CANSAM (Canadian Seismic Array Monitor [ 5 ] ) .  I n  the  USA 
s i m i l a r  work has been done on on-line and o f f - l ine  processing of ar ray  
data .  

The a r ray  data  t h a t  was the input  t o  the  machines operated off -  
l i n e  by the  UKAEA and by the  Canadians was i n  analogue form. For 
processing the  da ta  was converted t o  d i g i t a l  form and a f t e r  processing 
converted back t o  analogue form f o r  display.  The design and planning of 
SASP was based on t h e  assumption t h a t  t h i s  machine would a l s o  have, a s  
inpu t ,  d a t a  i n  analogue form on magnetic tape ,  and the  f i r s t  SASP b u i l t  
operated with t h i s  type of data.  

Various problems were encountered i n  the  bui ld ing and running 
of t h i s  SASP, mainly a r i s i n g  from the analogue input .  For t h i s  and o the r  
reasons i t  was decided t o  i n s t a l l  d i g i t a l  recording a t  the  a r rays  where 
a SASP was designed t o  opera te  so  t h a t  a d i g i t a l  input  t o  t h e  SASP could 
he provided. A second version of the  SASP was, therefore ,  developed t o  
work with da ta  recorded i n  d i g i t a l  form on magnetic tape. Where i t  is 
necessary t o  d i s t ingu i sh  i n  what follows between a SASP t h a t  uses analogue 
input  and one t h a t  uses d i g i t a l  input ,  t he  terms analogue SASP and 
d i g i t a l  SASP respect ive ly  a r e  used. 

This r epor t  describes t h e  design and development of both t h e  
analogue and d i g i t a l  SASPS. 



SEISMOMETER ARRAYS AND ARRAY PROCESSING 

A considerable amount of research has been done on t h e  design of 
seismometer a r rays  over the  pas t  15 years .  The UK s tandardised  on a 
p a r t i c u l a r  design of s h o r t  period ar ray  e a r l y  i n  t h i s  work and has 
kept  t o  t h i s  design ever  s i n c e  (ar rays  of t h i s  d e s i ~ n  a r e  usua l ly  
described a s  UK-type). Examples of such a r rays  a r e  those a t  Gauribidanur, 
India  (GBA); Warramunga, Aus t ra l i a  (WRA) ; and Yellowknife, Canada (YKA). 
Each a r ray  c o n s i s t s  of two l i n e s  (arms) a t  right-angles (or  c lose  t o  i t )  
with ten  seismometers i n  each arm, the  seismometer spacing being 2.5 km 
( f igu re  1 ) ;  t h i s  spacing was chosen s o  t h a t  t h e  s h o r t  period noise  
recorded by adjacent  seismometers i n  the  a r ray  is uncorrelated.  The 
o v e r a l l  length of each arm was chosen t o  be about one (hor izonta l )  
wavelength f o r  P s i g n a l s  a t  30 t o  90° from the epicentre;  t h i s  is the  
b e s t  d i s t ance  range i n  which t o  record P s i g n a l s  f o r  the  i d e n t i f i c a t i o n  
of the  source,  Since they commenced operat ion,  the  output  of the  UK-type 
a r r a y s  (19 o r  20 channels of seismic da ta  with t i m e  and e r r o r  correc t ion)  
have been recorded on magnetic tape  i n  analogue form. When a d i g i t a l  SASP 
is i n s t a l l e d  a t  an  ar ray ,  d i g i t a l  recording w i l l  a l s o  be i n s t a l l e d  t o  
provide the  input  t o  the  SASP. 

The usual  processing method used f o r  UK-type a r ravs  is t o  sum 
the  indiv idual  seismometer channels a f t e r  i n s e r t i n g  delays t o  co r rec t  
f o r  the d i f ferences  i n  the  a r r i v a l  time of a s i g n a l  a t  each seismometer, 
For any given azimuth, the  apparent sur face  speed of the  s i g n a l  across  
t h e  a r ray  depends on the angle af  incidence a t  t he  ar rav;  as t he  angle 
of incidence tends t o  zero, the speed tends t o  i n f i n i t y ;  a s  t h e  angle of 
incidence tends t o  90°, the  speed tends t o  the  wave speed i n  the ma te r i a l  
underlying the  array.  For P waves i n  the  range 30 t o  9n0, the  angle of 
incidence decreases with increas ing  d is tance  so t h a t  the apparent speed 
increases  with d is tance .  For random noise the,delay and sum process gives 
a signal-to-noise improvement on average of  n?, where n is the  number of 
seismometers i n  the  array.  

Arrays of the  type described above a r e  used t o  d e t e c t  t h e  
s h o r t  period P waves from earthquakes and explosions; these  a r e  the  
most widely recorded s i g n a l s  generated by explosions and earthquakes, 
From t h e  a r r i v a l  times of these  waves a t  a number of d i f f e r e n t  s t a t i o n s ,  
t he  b e s t  estimate of ep icen t re  and o r i g i n  t i m e  of t h e  seismic source  can 
be obtained. I n  order  t o  i d e n t i f y  seismic sources a s  e i t h e r  earthquakes 
o r  explosions, seismic s i g n a l s  a r e  required recorded i n  o the r  bands a s  
w e l l  a s  the  SP band, p a r t i c u l a r l y  the  long period (LP) band (centred 
around 0.05 Hz) and a broad band from 0.1 - 10 Hz. Or ig ina l ly ,  i t  was 
intended t h a t  an LP a r ray  would be es tabl i shed a t  each SP a r r a y  bu t  t h i s  
n w  seems t o  be unnecessary. However, i t  is no t  important t o  d i scuss  
t h i s  aspect  of the  problem i n  t h i s  r epor t ,  which is concerned only wi th  
the d e t a i l s  of de tec t ing  s i g n a l s  and producing delay and sum records.  

Beam forming 

The main operat ion ca r r i ed  out by a SASP is  delay and sum 
processing. The output  from t h i s  process f o r  a given ve loc i ty  is usua l ly  



ca l l ed  the  beam (by analogy with s i m i l a r  processes i n  the  propagation 
and reception of radio waves) and the  process is usually ca l l ed  beam 
forming o r  beam s tee r ing .  I f  the  ve loc i ty  of the  s i g n a l  is known, then 
i t  is only necessary t o  form the  beam f o r  t h a t  ve loci ty .  I n  a  SASP, which 
is dealing with s i g n a l s  of unknown veloci ty ,  a  number of beams a r e  
formed t o  cover the  poss ib le  range of v e l o c i t i e s ;  from these  beams the  
b e s t  beam ( the  one formed f o r  the  ve loci ty  c l o s e s t  t o  the  s i g n a l  ve loci ty)  
is se lec ted .  

H w  beam forming is ca r r i ed  out  by a SASP is i l l u s t r a t e d  i n  
f i g u r e  2(a) .  This shows th ree  channels of d i g i t i s e d  data ,  sampled a t  
i n t e r v a l s ,  b t ,  i n  the  computer s to re ;  these channels a r e  assumed t o  come 
from th ree  seismometers i n  l i n e  and equally spaced with a separa t ion  6d 
between each seismometer. Delay and sum processing is taking place a t  a  
time T. Summing samples across channels along l i n e  AB produces t h e  beam 
f o r  zero delay; waves t r a v e l l i n g  a t  i n f i n i t e  ve loc i ty  sum i n  phase. 
Summing along l i n e  CD gives a  time s h i f t  of 6 t  t o  channel 1 and - 6 t  
t o  channel 3 r e l a t i v e  t o  channel 2; waves t r a v e l l i n g  a t  an apparent 
ve loc i ty  bd/6t along the  a r ray  thus sum i n  phase. S imi lar ly ,  summing 
along l i n e  EF app l i e s  s h i f t s  of 26t t o  channel 1 and - 2bt t o  channel 3 
( r e l a t i v e  t o  channel 2);  waves with apparent ve loc i ty  bd/26t now sum i n  
phase, This is the  bas ic  procedure followed i n  a SASP s o  t h a t  beams a r e  
formed f o r  apparent v e l o c i t i e s  + 6d/6t + 6d/26t, + ddI36t . . . . a t  each 
s tep .  Note t h a t  there  a r e  advantages i n  descr ib ing the  beams i n  t e r m s  
of inverse  ve loc i ty  o r  slowness; i n  t h i s  way there  is a constant  
separa t ion  i n  slowness between the  beams. 

Several  d i f f e r e n t  ways have been devised of programming t h e  
b a s i c  beam-forming process outl ined above. One way is t o  use a c i r c u l a r  
o r  r i n g  b u f f e r  where t h e  da ta  appear t o  be s to red  i n  a  continuous loop; 
t h i s  is shown diagrammatically i n  f i g u r e  2(b). Beam forming takes p lace  
wi th in  one s e c t i o n  of the  da ta  i n  t h i s  r i n g  buf fe r  and, when a l l  t he  
beams have been formed a t  t h i s  s t e p ,  the process moves on one s t e p  
(clockwise i n  the  diagram) around the  buffer .  New da ta  a r e  read i n  behind 
the  beam-forming sec t ion  t o  replace  the  o ldes t  da ta .  Al ternat ive ly ,  the  
double-buffer technique can be  used ( f igure  3). Here two adjacent  
i d e n t i c a l  buf fe r s  a r e  used, each buffer  being j u s t  l a r g e  enough t o  
contain a s u f f i c i e n t  length of da ta  f o r  a l l  required beams t o  be  formed 
from one time s t e p ,  New data  a r e  added t o  both buf fe r s  a t  each s t ep .  A t  
t he  beginning of the  sequence, the  zone of beam forming is confined t o  
one buf fe r ;  a s  t h e  process proceeds, the  zone gradually overlaps i n t o  the  
second buffer .  When the zone lies wholly i n  the  second b u f f e r ,  the  
process r e tu rns  t o  the  f i r s t  bu f fe r ,  which now contains the  new da ta  
required t o  continue the beam forming. 

3.2 The ar ray  response i n  the  wave number space 

Suppose t h a t  a  s e r i e s  of beams a r e  formed f o r  a  s e c t i o n  of 
d a t a  t h a t  contains a  s igna l ,  then the beam with slowness t h a t  is  c l o s e s t  
t o  the  slowness of the  observed s i g n a l  w i l l  have maximum signal-to-noise 
improvement and maximum s i g n a l  amplitude. For beams with o the r  values of 
slowness, the  s i g n a l  should be suppressed r e l a t i v e  t o  the  b e s t  beam. The 
amount of suppression depends on the  frequency, f ,  of t h e  s i g n a l  a s  w e l l  
a s  the  slowness, S, and is usually described i n  terms of wave number, 
k = fs. 



Figure 4(a) shows the  wave number response f o r  an a r ray  of 
ten seismometers equally spaced i n  a l i n e  of o v e r a l l  length 25 km f o r  
summing without delays,  t h a t  is the beam response f o r  zero slowness. A t  
zero slowness the response is uni ty  and the  s i g n a l  i s  passed unattenuated. 
A t  k - 0.04 cycles  km-' the  response is zero so  the  s i g n a l  is  apparently 
com l e t e l y  suppressed. The region of the  response between + 0.04 cycles P km' is usual ly  r e fe r red  t o  a s  the main lobe. Figure 4(b) shows the 
response f o r  the beam centred a t  k = 0.04 cycles  km-l. Note t h a t  i f  these  
two beams a r e  formed, then the  response is Kreater than about 0 . 6  on a t  
l e a s t  one beam f o r  a l l  s i g n a l s  with k between O and 0.04 cvcles  km'l. 
The procedure used i n  a SASP ( a s  i n  most o the r  a r rav  processors)  is  t o  
choose a beam spacing so  t h a t  f o r  any s i g n a l  the  a r rav  response on a t  
l e a s t  one beam is larger than some spec i f i ed  value c lose  t o  uni tv ,  f o r  
example, 0.7 (3 db) . 
4 .  THE DESIGN AND DEVELOPMENT OF THE ANALOGUE SASP 

The obvious way t o  opera te  a SASP is t o  feed i n  the  seismic 
d a t a  a s  they a r e  received and d e t e c t  and e d i t  on-line; t h i s  i s  r e a l  
time processing. However, the experience of o the r s  working on 
processing problems, and s imi la r  s t u d i e s  a t  Blacknest, show t h a t  the  
speed of the  modern small d i g i t a l  computer is  such t h a t  i t  should be 
poss ib le  t o  handle a l l  the da ta  recorded by an ar ray  over,  say,  24 hours 
i n  1 3  t o  3 hours; t h a t  is a speed-up f a c t o r  of 8 t o  16 times. It was, thus, 
decided t h a t  b e s t  use of the  processor could be made by recording the  
output  of the a r ray  on (analogue) magnetic tape f o r  24 hours and then 
processing these da ta  rapid ly  on the  following day i n  a much s h o r t e r  
t i m e  than the recording time. The advantages of t h i s  are:- 

(a) The processor is  freed a f t e r  a few hours of rou t ine  
processing f o r  any o ther  more e labora te  processing t h a t  may 
be required.  

(b) The number of people required t o  opera te  the system is 
reduced; a l l  processing can be completed i n  a normal 8 hour 
day s o  c u t t i n g  out  s h i f t  working. 

( c )  I f  the  processor breaks down, recording would not  be 
l o s t  and i t  would be poss ib le ,  provided t h a t  the  processor was 
repaired i n  a day o r  two, t o  catch up with the  back-log. 

The only disadvantage i s  t h a t  d a t a  would only be ava i l ab le  
a f t e r  a 24 hour delay but  t h i s  delay is acceptable. 

4.1 The de tec t ion  processor 

The proposed de tec t ion  and e d i t i n g  scheme f o r  the analogue 
SASP r equ i re s  two copies of the analogue da ta  t o  be fed i n t o  the  
processor,  This i s  necessary because the  de tec t ion  process works b e s t  
i f  the  analogue da ta  a r e  t i g h t l y  f i l t e r e d  i n  the  1 t o  2 Hz band, whereas 
the  ana lys i s  of the seismic da ta  is b e s t  c a r r i e d  out  on the  u n f i l t e r e d  
da ta ,  s o  two da ta  streams, one f i l t e r e d  and one unf i l t e red ,  a r e  
required. 



The bas i c  de t ec t ion  and e d i t i n g  scheme proposed f o r  t he  
analogue SASP is a s  follows. The da ta  from the  analogue tape is 
dupl ica ted ,  one copy (da ta  stream S1) is  passed through a bank of 
analogue f i l t e r s  wi th  pass  bands 1 t o  2 Hz, then i n t o  the  analogue t o  
d i g i t a l  convertors  (ADCs), and f i n a l l y  t o  the  c e n t r a l  ( d i g i t a l )  
computer where the de tec t ion  process is ca r r i ed  out .  

It was planned t h a t  the  second copy of t h e  d a t a  (da ta  s t ream 
S2) u n f i l t e r e d  would be w r i t t e n  continuously on t o  an  analogue tape  
loop. The analogue da ta  would then be  read o f f  t h i s  loop by a second 
s e t  of heads t o  introduce a 30 S delay i n t o  t h i s  d a t a  s t ream r e l a t i v e  
t o  S1. When a poss ib l e  s i g n a l  is  de tec ted  using s tream S1, t h e  u n f i l t e r e d  
delayed stream S2 would be ed i t ed  i n t o  the  d i g i t a l  l i b r a r y .  The 30 S 

de lay  in se r t ed  i n t o  s tream S2 ensures t h a t  the s i g n a l  is w r i t t e n  i n t o  
the  l i b r a r y  wi th  30 S of noise  ahead of the s i g n a l ;  t h i s  is  requi red  
because the  ana lys t  needs t o  be  a b l e  t o  s e e  the  cha rac te r  of the  no i se  
preceding the  s i g n a l .  

Most de t ec t ion  methods work by sens ing  changes i n  the  shor t -  
term average of a beam compared t o  the  long-term average. One of t h e  
b e s t  d e t e c t o r s  of t h i s  type opera tes  a s  follows. Beams a r e  formed f o r  
each l i n e  of t he  a r r a y  sepa ra t e ly  and from these  a l l  the  products of 
p a i r s  of beams a r e  formed one from each l i n e ,  These products a r e  then 
smoothed wi th  two d i f f e r e n t  time cons tants ,  one a long time cons tant  of 
say 30 S ,  the  o the r  a s h o r t  time cons tant  of say  2 S.  The long- and 
short-term averages a r e  then compared; i f  t he  short-term average 
exceeds the  long-term average by some spec i f i ed  amount, t h i s  is  taken 
t o  i n d i c a t e  a de tec t ion .  The smoothed product t h a t  reaches the  l a r g e s t  
amplitude is the  b e s t  beam. 

The disadvantage with t h i s  de t ec to r  is  t h a t  many m u l t i p l i c a t i o n s  
have t o  be  performed and t h i s  slows down the  process.  I n  o rde r  t o  avoid 
these  m u l t i p l i c a t i o n s  t h e  de tec t ion  processing proposed was t o  form beams 
f o r  each l i n e  sepa ra t e ly ,  r e c t i f y  and smooth them t o  ob ta in  long-term and 
short-term averages; t h i s  method of de t ec t ion  was suggested by Weichert. 
A s i g n a l  is then assumed t o  have been de tec ted  i f  t he  short-term 
average exceeds the  long-term average f o r  a t  l e a s t  one beam on each 
l i n e .  On de tec t ion  the  u n f i l t e r e d  channels a r e  w r i t t e n  i n t o  t h e  l i b r a r y ,  
toge ther  wi th  a note  f o r  each l i n e  of the  beams t h a t  had the  l a r g e s t  
amplitudes. From these  the  v e l o c i t y  o r  t he  slowness and azimuth of the 
s i g n a l  can be computed (appendix B) .  

I f  the  width of t he  main lobe of the  wave number response f o r  
a l i n e  a r r a y  is  defined a s  the d i s t ance  between the  po in t s  where the  
response is 0.7 of i t s  peak ( t h e  3 db p o i n t s ) ,  then,  f o r  a l i n e  a r r a y  of 
10 seismometers spaced a t  i n t e r v a l s  of 2.5 km, t h i s  width is about 
0.036 cyc le s  km" ( f i g u r e  4).  For a seismometer spacing of 2.5 km, t h e  
spacing between beams i n  slowness is  (from s e c t i o n  3.1) 6 t /2 .5  where 
6 t  is  the  sampling i n t e r v a l  of t he  data .  Now de tec t ion  processing is 
t o  be c a r r i e d  o u t  on d a t a  f i l t e r e d  i n  the  1 t o  2 Hz band. Assuming 
t h a t  t he  predominant frequency of most si n a l s  w i l l  be around 1.5 Hz, 
t he  beam spacing w i l l  be 0.036 cycles  km-f i f  6 t is  about 0.06 S; t h e  
round f i g u r e  of 0.05 S (a sampling r a t e  of 20 samples S-') was, 
t he re fo re ,  chosen a s  the  sampling i n t e r v a l  which gives beam spac ing  of 
0.03 cycles  km') a t  1.5 Hz. 



For a r rays  of the  UK-type, which c o n s i s t  of two l i n e s ,  beams 
a r e  formed f o r  each l i n e  separa te ly  and a de tec t ion  is defined by the  
two b e s t  beams, one from each l i n e ;  these beams speci fy  s i g n a l s  i n  the  
k-plane a s  ly ing  wi th in  the  parallelogram formed by the  i n t e r s e c t i o n  of 
the  3 db contours of the  two beams, I f  11 beams r e  formed f o r  each 
l i n e  f o r  the  range of slowness -0.1 t o  0.1 S km-' ( i n  ve loc i ty  -10 t o  
+l0  km S-' through i n f i n i t y )  these def ine  121 combined beams spaced 
( f o r  1.5 Hz s i g n a l s )  a t  i n t e r v a l s  of 0 . 0 3  cycles km-'; t he  cen t re s  of 
these beams f o r  each of the  a r rays  GBA, WRA and YKA a r e  shown i n  f i g u r e  
5. Figure 5 a l s o  shows the  e a r t h ' s  su r face  projected i n t o  the  k-plane f o r  
each of the  a r rays  using the slowness-distance r e l a t i o n s h i p  f o r  P waves. 
From f i g u r e  5 i t  is c l e a r  t h a t  121 beams a r e  s u f f i c i e n t  t o  cover the  
whole e a r t h  down t o  d is tances  of l e s s  than 30° from the ar ray .  Tables 
l i s t i n g  the  pos i t ions  of t h e  cen t re s  of the  121 beams f o r  each a r r a y  a r e  
given i n  appendix C ,  

Note t h a t  by summing p a i r s  of beams, one from each l i n e ,  t he  
signal-to-noise r a t i o  could be improved by about J2 f o r  the  bes t  
combined beam over the b e s t  beams f o r  each l i n e  separa te ly .  By 
de tec t ing  on the  t o t a l  sum, then s igna l s  with smaller  signal-to-noise 
r a t i o  than w i l l  be detected by t r e a t i n g  the  two l i n e s  separa te ly ,  
could probably be detected.  However, the  e x t r a  s i g n a l s  detected i n  
t h i s  way w i l l  be of such low signal-to-noise r a t i o  a s  t o  be impossible 
t o  analyse.  The advantage of t r e a t i n g  each l i n e  sepa ra te ly  is t h a t  i t  
i s  hoped t h i s  w i l l  reduce the  number of f a l s e  alarms. I n  any case ,  t he  
o r i g i n a l  recordings a r e  re ta ined  f o r  a t i m e  s u f f i c i e n t  t o  allow l a t e r  
examination on the  b a s i s  of r epor t s  by o ther  s t a t i o n s .  

The s i g n a l  processor 

Once the  poss ib le  s i g n a l s  on a given tape have been de tec ted  
and w r i t t e n  i n t o  t h e  d i g i t a l  l i b r a r y ,  s i g n a l  processing can be ca r r i ed  
out.  This is  a r e l a t i v e l y  easy task  compared t o  the  de tec t ion  process. 
For s i g n a l  processing the  d i g i t a l  da ta  f o r  each poss ib le  s i g n a l  is read 
back i n t o  s t o r e  and the  b e s t  beam f o r  each arm is  then formed. From 
these  two beams three  channels of output a r e  generated. These th ree  
channels,  together  wi th  time, a r e  then played out .  The proposed th ree  
channels a r e  : - 

(a) Tota l  sum. 

(b) Products of the separa te  beams f o r  each arm; f o r  t h e  
de tec ted  s i g n a l s ,  t h i s  product should be a l l  p o s i t i v e  i f  t he  
co r rec t  beam has been chosen and so  t h i s  provides a check on 
the  beam se lec t ion .  

(c) Smoothed form of channel (b) ; t h i s  is  used t o  make 
es t imates  of the  complexity of s igna l s .  

4 . 3  The choice of computer 

The maximum dynamic range of t h e  analogue input  tape system 
i n  the  1 t o  2 Hz range is  54 db. This requi res  nine binary b i t s  f o r  f u l l  
representa t ion;  a computer with a binary sample length of t en  b i t s  p lus  



s ign  would be adequate. Summing twenty coherent maximum s i g n a l s  increases  
the  number of b i t s  t o  f i f t e e n  ( including s ign) ;  t h i s  ind ica tes  t h a t  a 
s ix teen  b i t  machine would be adequate f o r  a SASP. 

The detec t ion  process must be  car r ied  out  very quickly s o  a 
computer with a f a s t  cycle  time and memory is  e s s e n t i a l .  A machine with 
a cycle time longer than about 1.5 PS would be too slow. Also the  SASP 
requires  input  and output of l a rge  data  s t r i n g s  so  t h i s  f e a t u r e  of the  
chosen computer is p a r t i c u l a r l y  important. 

From these considerat ions and those of cos t  the  PDPll b u i l t  
by the  D i g i t a l  Equipment Corporation (DEC) was chosen a s  the  computer 
around which the  SASP was b u i l t .  

4.4 The prototype 

4.4.1 Hardware 

The block layout of the  hardware is  shown i n  f igure  6. The 
plan t o  include an analogue tape loop i n  the  da ta  stream S2, a s  described 
i n  sec t ion  4.1, was abandoned soon a f t e r  the  SASP was commissioned; t h i s  
was necessary because the  high tape speed a t  which the  loop had t o  run 
meant t h a t  the  tape wore out  rapid ly  and t h i s  wear, combined with the  
inev i t ab le  tape s p l i c e ,  added fu r the r  noise  t o  the  data.  Af ter  removal 
of the  loop deck from the  system, the  delay between streams S1 and S2 
had t o  be obtained by using a second s e t  of read heads on the  replay 
deck. This reduced the  e f f e c t i v e  delay from 30 t o  16  S ( r e a l  time) which, 
however, j u s t  enables the  bas ic  beam forming and detec t ion  processing t o  
be c a r r i e d  out. 

The da ta  stream S1 on which detec t ions  a r e  t o  be made is fed 
t o  the  f i l t e r  bank and then t o  channels 1 - 21 of the  ADC u n i t .  The 
u n f i l t e r e d  delayed s igna l s  (stream S2) goes t o  channels 22 - 42. 

The analogue f i l t e r  bank cons i s t s  of four-pole Butterworth 
f i l t e r s  with a pass band of 1 t o  2 Hz ( a t  the  3 db points )  and a r o l l -  
off of 24 dbloctave. 

The analogue-to-digital conversion u n i t  c o n s i s t s  of 42 channels 
with separa te  sample and hold ampl i f ie rs  and 12 b i t  ADCs i n  each channel. 
This method was chosen i n  preference t o  an analogue mult iplexing system 
because i t  enables simultaneous sampling of a l l  channels; i t  is a l s o  
more dependable. Each channel can be non-destructively read and 
individual ly  addressed. I n i t i a l l y ,  the ADCs i n  t h i s  u n i t  tended t o  f a i l  
when the  u n i t  was operated with its own i n t e r n a l  power supply. The 
problem was re fe r red  t o  the  manufacturer and has now been cured, but  
i n  the  e a r l y  s tages  of development a l a rge  proportion of the  ADCs 
f a i l e d  and replacements took some t i m e  t o  obta in ,  

The d i g i t a l  processor cons i s t s  of a PDP11/40 16 b i t  word 
c e n t r a l  processor with 32K bytes of core and the  following peripherals:-  

(a) High speed paper tape readlpunch. 



(b) 800 b p i  9-track magnetic tape d r ive .  

(c) Decwriter terminal .  

(d) 2.4 Megabyte moving head c a r t r i d g e  d i s c  d r ive .  

Four channels of output  can be  played out  on an ink- je t  
(Mingograph) recorder  v i a  an analogue-to-digital  conver te r  and 
i n t e r f a c e  un i t .  

4.4.2 Sof tware 

The software used to develop the  program is  the  D i g i t a l  DOS 11 
package which inc ludes  f i l e  management and e d i t i n g  f e a t u r e s ,  debug 
rou t ine  and compilers f o r  t he  PAL assembler and FORTRAN languages, and 
a s i n g l e  t a s k  monitor. I n i t i a l l y ,  i t  was intended t o  use a high l e v e l  
language f o r  t he  de tec t ion  program a s  a b a s i s  from which t o  s t a r t  
opt imising,  bu t  t h i s  was soon abandoned because de tec to r s  using t h e  
DOS FORTRAN turned out  t o  b e  about 20 times slower than required;  
assembler language w a s  t he re fo re  used exclus ive ly .  

Severa l  ve r s ions  of the  program have been wr i t t en ;  i n  a l l  
these  the  sampling r a t e  i s  cont ro l led  by the  programmable clock,  b u t  
i d e a l l y  t h i s  sampling c o n t r o l  would be by the  ADC u n i t  synchronised 
with the  analogue clock pulses  of f  t he  primary tape.  

The f i r s t  vers ion  of the  program developed and designed t o  
ope ra t e  a t  16 times r e a l  t i m e  proceeds a s  follows. The f i l t e r e d  inpu t  
d a t a  a r e  read continuously i n t o  a c i r c u l a r  da t a  b u f f e r  and the  required 
samples a r e  then s e l e c t e d  from t h i s  bu f fe r  t o  form each of t he  22 beams 
(11  f o r  each l i n e )  a t  one time, a s  described i n  s e c t i o n  3.1; each sum 
is then r e c t i f i e d .  A t  any time f o r  a given beam the  previous 40 
r e c t i f i e d  sums a r e  held i n  a r i n g  bu f fe r .  For each beam t h e  average 
of these  40 sums (which is the  short-term average) is compared t o  the 
average of t he  beam over a previous 150 S (3000 sample) i n t e r v a l  ( t h e  
long-term average) .  I f  t h e  short-term average exceeds t h e  long-term 
average by some s p e c i f i e d  f a c t o r  (usual ly  four)  f o r  a t  l e a s t  one beam 
from each l i n e ,  t h i s  is  counted a s  a de tec t ion .  On confirmation of a 
de t ec t ion  the  u n f i l t e r e d  and delayed d a t a  a r e  sampled and buffered i n t o  
a dua l  magnetic tape  bu f fe r  p r i o r  t o  being w r i t t e n  on t o  the  magnetic 
tape. 

The long-term average is only r eca lcu la t ed  a t  1000 sample 
(50 S) i n t e r v a l s .  The r e c t i f i e d  sum f o r  any one beam is  summed f o r  a 
thousand samples and t h e  sum added t o  the  sums f o r  each of t he  two 
preceding 1000 sample s e c t i o n s ,  the  sums f o r  these  previous i n t e r v a l s  
having been r e t a ined  i n  s t o r e .  The l a r g e  sums t h a t  are accumulated 
r e q u i r e  double word p rec i s ion  i n  t h i s  ca l cu la t ion .  

The d a t a  w r i t t e n  on t o  tape f o r  each de tec t ion  cover the  
t i m e  i n t e r v a l  from about 16 S ahead of t he  t i m e  of de t ec t ion  t o  2 min 
a f t e r  de t ec t ion ,  the 16 S ahead of t he  de tec t ion  being the  maximum 
delay  a v a i l a b l e  i n  the  u n f i l t e r e d  delayed stream S2 and is about the  



minimum t i m e  ahead of the  de tec t ion  t h a t  can be to lera ted .  In  order  t o  
def ine  the  b e s t  beam, the  beams with the  l a r g e s t  amplitude on each of 
the  two l i n e s  a r e  required and, idea l ly ,  t h i s  would be noted and w r i t t e n  
on t o  tape a t  the  same t i m e  a s  the  de tec t ion  is made. However, i t  has 
been found t h a t ,  i f  t he  beams with the  l a r g e s t  values i n  the  f i r s t  50 
samples a f t e r  de tec t ion  a r e  used, t h i s  gives a b e t t e r  es t imate  of the  
b e s t  beam. To await 50 samples a f t e r  de tec t ion  t o  pick the  b e s t  beam 
before  wr i t ing  the  delayed data  on t o  tape would mean t h a t  the length of 
the  noise  ahead of the  de tec t ion  point ,  which is already smal l ,  is f u r t h e r  
reduced. ( In  the  worst case,  allowing f o r  a l l  delays included by the  
detec t ion  process, the  length of noise  ahead of the  de tec t ion  point  could 
then be a s  small a s  5 S .) 

I n  order  t o  avoid cu t t ing  down on the  noise i n  advance of the  
de tec to r ,  and y e t  obta in  the  b e s t  es t imate  of the  beam i n  the  50 samples 
a f t e r  de tec t ion ,  the da ta  a r e  f i r s t  w r i t t e n  on t o  tape immediately 
following detec t ion .  These data  a r e  then read back from tape and passed 
through the  beam-forming process again, t h i s  time picking the beam f o r  
each l i n e  t h a t  a t t a i n s  the  l a r g e s t  amplitude i n  the  f i r s t  50 samples 
a f t e r  de tec t ion .  

When the  detec t ion  processing has been completed, the  SASP is 
switched t o  s i g n a l  processing. The da ta  a r e  read back f o r  each de tec t ion  
i n  turn ,  the  b e s t  beam f o r  each l i n e  formed and w r i t t e n  on t o  d i s c ,  
together  with the  time channel. These b e s t  beams f o r  each l i n e  a r e  then 
read back i n t o  the s t o r e  and the  bes t  t o t a l  beam and cross  products of 
the  l i n e  beams formed. The t o t a l  beam and the  cross  product a r e  then 
w r i t t e n  back on t o  d isc .  F inal ly ,  the  b e s t  beam, the  cross  product and 
the  c ross  product smoothed by a leaky window f i l t e r ,  together  with a 
time channel, is played out  on the  ink-jet  recorder. This output  is 
preceded on the  t i m e  channel by a pulse presenta t ion  iden t i fy ing  the  
b e s t  beam. 

On completion of t h i s  pass, the operator  can i n t e r a c t  with the  
SASP t o  choose a l t e r n a t i v e  beams t o  look f o r  s i g n a l s  t h a t  occurred 
l a t e r  i n  the  d a t a  sequence of the current  f i l e .  

The de tec t ion  process, a s  outl ined above, is capable of 
opera t ing  a t  16 times r e a l  time a s  required. However, the  number of 
f a l s e  alarms proved t o  be large .  Many of these f a l s e  alarms seemed t o  
a r i s e  from spurious s igna l s  generated i n  the  analogue replay system and 
t o  be i n  some way connected with the  f a c t  t h a t  the  da ta  were being 
played back a t  very high speed compared t o  the  recording speed. I n  
order  t o  avoid some of the  f a l s e  alarms, i t  was therefore  decided t o  
drop the  operat ing speed down t o  8 times r e a l  time; t h i s ,  i t  was hoped, 
would c u t  down the  number of spurious s igna l s  generated but  would a l s o  
allow more t i m e  t o  employ more e labora te  de tec t ion  processors. The 
program was, thus, changed t o  run a t  8 times r e a l  time. In  addi t ion ,  
following a suggest ion of D r  S Crampin, beam formation is now ca r r i ed  
out  only a t  every four th  time s t e p ,  although the sampling r a t e  remains 
the  same s o  t h a t  t h e  required d i s t r i b u t i o n  of beams can be obtained. 
With the t i m e  now ava i l ab le  because of these modifications t o  the  
program, each channel is f i l t e r e d  t o  t r y  and suppress any spurious s i g n a l s  
before the  da ta  go t o  the  de tec t ion  processor. 



To remove g l f t ches  (high frequency excursions which a r e  not  
derived from the da ta )  from d i g i t i s e d  data  i s  r e l a t i v e l y  easv i f  t he  
pulse  width is about the  same as the sampling i n t e r v a l .  Unfortunatelv, 
i n  the analogue SASP d e t e c t i o n s  a r e  made on data t h a t  have passed 
through a 1 t o  2 Hz hand pass f i l t e r  before  samrling. T h i s  f i l t e r  
transforms the  pulses  t o  the  c h a r a c t e r i s t i c  impulse response which 
"rings" f o r  s e v e r a l  cyc les .  This  makes the  problem of g l i t c h  removal 
more d i f f i c u l t .  

The method chosen is the  l i m i t a t i o n  of t he  second d i f f e rence  
of t h e  data .  This  weights the  e f f e c t  on the  high frequencies  and g ives  
a symmetrical response (as  opposed t o  t h a t  given by l i m i t i n g  the  f i r s t  
d i f f e rence ) .  A smal l  r e s i d u a l  can bu i ld  up due t o  rounding e r r o r s  or 
any asymmetry i n  the  ve loc i ty  p r o f i l e ,  s o  a leaky i n t e g r a t o r  with a 
l a r g e  t i m e  cons tant  had t o  be added a f t e r  t h e  limiter to c o r r e c t  f o r  
long-term d r i f t .  

With these  modif icat ions t o  the  de tec t ion  processor ,  the  SASP 
operated a t  8 times r e a l  t i m e .  

5. THE DIGITAL SASP 

An analogue SASP can be  constructed t o  opera te  a t  8 times r e a l  
time and, wi th  experience,  i t  looks as though t h e  software could be  
f u r t h e r  improved s o  t h a t  a r e t u r n  of 16 times real t i m e  would be  poss ib l e ,  
Fa l se  alarms, however, remain a problem, p a r t i c u l a r l y  those generated by 
rapid  playback on t h e  analogue equipment. This problem could be avoided 
by recording the  i n i t i a l  a r r ay  da ta  i n  d i g i t a l  f o m , a n d  having a wholly 
d i g i t a l  system. 

Over t h e  p a s t  few yea r s  it has a l s o  become c l e a r  t h a t  d i g i t a l  
recording with its high dynamic range has o the r  important advantages. 
The p r i n c i p a l  advantage is t h a t  from such recording a much broader band 
s i g n a l  can be  obtained from the  conventional SP recording than has 
previously been thought poss ib le .  Work is now going ahead t o  develop 
such d i g i t a l  recording systems and a d i g i t a l  SASP has been developed to  
process d a t a  s to red  on magnetic tape  i n  d i g i t a l  form. I n  order  t o  test 
t h e  d i g i t a l  SASP, d i g i t a l  tapes with t h e  format t o  be  used a t  t he  a r r ays  
have been made by d i g i t i s i n g  analogue tapes  using the  hardware of t h e  
analogue SASP. 

The programming of a d i g i t a l  SASP is i n  some ways easier 
than the  analogue SASP because the  d i g i t a l  i npu t  is  under program 
con t ro l ,  the  inpu t  tape  can be  stopped, s t a r t e d  and backspaced, and 
d a t a  can b e  read from the  tape  a s  needed. I n  the  analogue SASP t he  
analogue playback proceeds a t  a f ixed  rate once de tec t ion  processing 
commences and da ta  a r e  continuously being presented t o  the  processor  
and must be  accepted; t he re  i s  no f a c i l i t y  f o r  varying the  r a t e  of 
input .  

A block diagram of the  layout  of t h e  d i g i t a l  SASP is shown 
i n  f i g u r e  7;  t h e  c e n t r a l  processor  is i d e n t i c a l  t o  t h a t  of t h e  
analogue SASP. The opera t ion  of t h e  d i g i t a l  SASP has two main parts :-  



(a) The processing s t age  i n  which da ta  a r e  read i n  from 
magnetic tape,  s igna l s  detected and t ransfer red  t o  a floppy 
disc .  

(b) The replay s t age  where the  s igna l s  on d i s c  a r e  read back 
i n t o  the  computer and a f t e r  fu r the r  processing displayed v i a  
a 4-channel DAC on a 4-channel pen recorder. 

S t a t i s t i c s  on the  processing operat ion and on the  s i g n a l s  
detected a r e  printed out  on the  te le type .  When replay is  complete, the  
da ta  from the floppy d i s c  a r e  t ransfer red  t o  a l i b r a r y  tape mounted on 
the  tape un i t  f o r  long-term s torage .  Note t h a t  the  magnetic tape u n i t  
here  records 1600 bp i  compared t o  t h a t  used on the  analogue SASP which 
records 800 bpi .  

5.1 The processing s t age  

The processing can be divided i n t o  two sec t ions :  the  search 
process and the data  t ransfer .  

5.1.1 The search process 

The main s t e p s  i n  the  search process are:- 

(a) Read i n  the  da ta  from d i g i t a l  tape i n t o  the  main da ta  
buffer .  

(b) Read da ta  from the  main buf fe r ,  d i g i t a l l y  f i l t e r  and 
s t o r e  i n  the  process buffers .  

(c) Carry out  beam forming and detec t ion  of s i g n a l s  on the  
f i l t e r e d  data. When a s i g n a l  is detec ted ,  the  da ta  t r a n s f e r  
sec t ion  of the  processing s t age  takes over. 

The search process is shown i n  a s impl i f ied  block diagram i n  
f i g u r e  8. On enter ing  the  program, a l l  s torage  buffers  and loca t ions  
a r e  c leared ,  with the exception of the  long-term average (LTA) s t o r e s ,  
which a r e  loaded with a value i n  excess of the typ ica l  value. The 
con t ro l  sec t ion  handles the  input  and processing of the  da ta  which a r e  
held i n  the  main da ta  buffer  of 7903 words. Data from the  magnetic tape  
u n i t  a r e  loaded a l t e r n a t e l y  i n t o  sec t ions  1 (with 1A) and 2 (1A is a 
dupl ica te  of the  f i r s t  15 samples i n  1 t o  provide an overlap of da ta  
f o r  d i g i t a l  f i l t e r i n g ) .  Each tape record is 4012 bytes  i n  length (100 
samples, 20 da ta  channels and 12 bytes including time). The format 
includes a s t a t u s  b i t  f o r  each da ta  word and t h i s  is monitored and a l l  
i nva l id  da ta  cleared. The 20 da ta  channels a r e  band-pass f i l t e r e d  and 
w r i t t e n  i n t o  two dupl ica te  buffer  sec t ions  3 and 3A. The d i g i t a l  f i l t e r  
used is a simple 20-point f i l t e r  with binary weights ( f igure  9 ) .  The 
s i z e  of the  dupl ica te  process buf fe r s  is chosen t o  j u s t  accommodate the  
maximum t i m e  spread required f o r  beam forming (90 samples = 1800 words). 

The beam forming sub-routine is the  most t i m e  consuming, a s  
it involves summing samples from each channel i n  each l i n e  with 
appropriate t i m e  o f f s e t s  equivalent  t o  s l a jnesses  from -0.10 t o  



10.10 s k m 1  i n  11 s t e p s .  The coding f o r  t h i s  is lengthy,  and a s  t h e  aim 
is  t o  make t h i s  process a s  f a s t  a s  poss ib l e  and s o  t o  save space, t h e  
same sub-routine i s  used f o r  each l i n e .  The t i m e  re ference  f o r  each l i n e  
is taken as the  seismometer channel nea res t  t o  the  cross-over poin t  of 
t h e  two arms of the  a r ray:  R 1  and R1 f o r  WRA and GBA, R 8  and B6  f o r  YKA 
( f i g u r e  1). The r e s u l t i n g  t i m e  o f f s e t s  between the  two sets of l i n e  
sums a r e  allowed f o r  i n  the  de tec t ion  logic .  Using the  sub-routine 
twice, t he  computing t i m e  f o r  the  22 l i n e  beams is 1.2 m s .  Since the  
beams a r e  computed from 1 t o  2 Hz band-pass f i l t e r e d  da ta ,  nothing is 
l o s t  by forming them only every t h i r d  sample, and i n  consequence t h e  
short- term average (STA), LTA and de tec t ion  rou t ines  s i m i l a r l y  ope ra t e  
every t h i r d  sample. 

The STA f o r  each of the  22 beams is equal  t o  the  sum of t h e  
previous 1.5 S of r e c t i f i e d  da ta  so ,  a s  the  beams are formed every 
t h i r d  sample, t h e  STA is the  sum of 10 samples. The STA is thus a 
1.5 S square window i n t e g r a t i o n  of t he  f i l t e r e d  beam amplitude. Without 
any a t t enua t ion  o r  compression, the s c a l e  of t he  STA is t h e  product of 
10 (samples per  beam), 20 ( t h e  gain of the  band-pass f i l t e r )  and 10 
(samples i n  the  STA) , giving an e f f e c t i v e  gain of 2000 a t  1.4 Hz, which 
means t h a t  a l l  b u t  the  sma l l e s t  s i g n a l s  would overload. In  order  t o  reduce 
t h i s  an a t t enua t ion  of 512 is introduced. Although t h i s  reduces the  
r e so lu t ion  of smal l  seismic s i g n a l s  t o  s i g n  only, experiments on 
de tec t ion  have shown t h a t  the  performance is  not  s i g n i f i c a n t l y  degraded; 
t h i s  avoids the use of double p rec i s ion  a r i thme t i c ,  which takes  more 
space and is  slower than s i n g l e  prec is ion .  

The LTA is  a 30 s exponential  i n t e g r a t o r  formed by mul t ip ly ing  
t h e  o ld  LTA by 0.952 and adding a new STA every 1.5 S. The i n t e g r a t o r  
has an inherent  ga in  of about 2 1  s o  t h a t  the  STA i s  divided before  
being added in .  This provides a convenient poin t  f o r  a d j u s t i n g  the  LTA- 
to-STA r a t i o  and, thus,  t h e  de tec t ion  threshold. 

The de tec t ion  subrout ine  is entered a f t e r  a wa i t  of 15 S 

following a previous de tec t ion .  This is to  allow the  LTA t o  r e - s e t t l e  
following a de tec t ion  and thus  reduce the number of mul t ip l e  de t ec t ions  
on a l a r g e  event.  (Note t h a t  t h e  LTA j u s t  before  a de t ec t ion  i s  r e t a ined  
u n t i l  t he  search recommences.) Every t h i r d  sample the  LTA and STA f o r  
each of t he  22 beams a r e  compared, and i f  the  STA exceeds the  LTA i n  
any beam, a " t r igger"  is reg i s t e red .  The l i n e  i n  which the  t r i g g e r  
occurred is flagged and the  time logged. For the  next 4 S t h e  STA f o r  
every beam is monitored and t h e  maximum is logged. A t  t he  end of t h i s  
t i m e  t he  t r i g g e r  f l a g s  f o r  each l i n e  a r e  examined and i f  only one 
l i n e  has t r iggered ,  a " f a l se  t r igge r"  is logged and the normal search  
is  resumed. I f ,  however, both l i n e s  have produced a t r i g g e r  wi th in  
t h e  4 s window, a "detection" is  s igna l l ed .  The maximum STAs f o r  each 
beam are then examined and the  maximum f o r  each l i n e  and the  beam 
i d e n t i f i c a t i o n  number is logged. These a r e  considered t o  be the  b e s t  
beams. Control  then passes t o  t h e  da ta  t r a n s f e r  s ec t ion  of t he  processing 
s t a g e  . 
5.1.2 Data t r a n s f e r  

I n  the  d a t a  t r a n s f e r  s e c t i o n  of t h e  program (block diagram 
i n  f i g u r e  10) the  b e s t  beam information is used to re-form the  l i n e  



beams; these a r e  then w r i t t e n  a s  two channels on t o  d i sc .  In  order  t o  
do t h i s  the  tape is back-spaced t o  about 30 S before the t r i g g e r  time 
and, using the  RTll monitor rout ines ,  a f i l e  is opened on the  d isc .  
The f i r s t  block of da ta  w r i t t e n  on t o  d i s c  contains da ta  which w i l l  be 
use fu l  t o  the  analys t  and i n  performance t r i a l s .  The f i r s t  four words of 
t h e  block contain the  t i m e  code t o  the neares t  previous 5 S mark p lus  the  
sample count t o  the t r i g g e r  t i m e .  The next four words contain the  
maximum amplitude and beam i d e n t i f i c a t i o n  number of the  b e s t  red and 
b lue  beams respect ive ly .  The following 22 words contain the  maximum 
amplitudes of a l l  the  beams a t  the  t i m e  of the  de tec t ion .  The next  
word contains a count of the  number of f a l s e  t r i g g e r s  s ince  the  l a s t  
de tec t ion .  

The 80th t o  the  160th byte of t h i s  block is a s t r i n g  of 
ASCII t e x t  which gives the  spec i f i ca t ion  of the  various parameters i n  
the  search program which generated the  detec t ion .  Each of t h e  elements 
i n  the  program (eg, the  f i l t e r ,  the  STA and the  LTA) contains a s h o r t  
t e x t  car ry ing i ts  spec i f i ca t ion .  These a r e  col lec ted  together  a s  a 
s i n g l e  l i n e  of t e x t  s o  t h a t  the re  is  a permanent record of the  system 
parameters. 

The beam forming programs f o r  t h i s  p a r t  of the  processing 
a r e  w r i t t e n  individual ly ,  one program f o r  each of the 22 beams. A l l  
t he  summations a r e  done using double word prec is ion  (32 b i t  resolu t ion)  
and the  f i n a l  sum is normalised by d iv id ing by the  number of channels. 
The f u l l  dynamic range of the o r i g i n a l  recording i s  thus re ta ined.  
Offse ts  a r e  incorporated t o  r e f e r  a l l  da ta  t o  the  a r ray  cross-over 
point ,  even when t h i s  occurs between elements of the  ar ray .  Using the  
beam i d e n t i f i c a t i o n  numbers, the address of the b e s t  beam en t ry  point  
is se lec ted  and the two subroutines a r e  over la id  i n t o  the  main program 
s o  reducing the t o t a l  memory required. 

The same da ta  s torage  a rea  i s  used i n  t h i s  sec t ion  a s  i n  the  
search process, bu t  with d i f f e r e n t  d iv is ions  s o  t h a t  a rea  1A  is now a 
complete dupl ica te  of the da ta  i n  a rea  1 ( i e ,  100 samples) and a 
complete da ta  overlap f o r  the  beam-forming programs is provided. No 
process buf fe r s  a r e  required a s  the  beams a r e  formed d i r e c t l y  from the 
recorded da ta ,  but  a small buf fe r  of 256 words (area 3) is provided f o r  
formatt ing the  d i s c  f i l e s .  

I n  order  t o  be  compatible with o ther  d i g i t a l  da ta  s tored  a t  
Blacknest, a l l  words wi th in  the  f i l e  a r e  byte reversed. The block 
length is 203 words (5 S of da ta ) ,  t he  f i r s t  th ree  words containing the  
day/time da ta  from the  o r i g i n a l  recording. The f i l e  length is  24 
blocks (2 min of da ta)  and t h i s  allows 20 f i l e s  t o  be recorded on a 
s i n g l e  floppy disc .  Should more than 20 s i g n a l s  be detected during the  
processing of one tape,  a message is put out  requi r ing  the  opera tor  t o  
replace  the  d i sc  wi th  an empty one. When the  computer reads an EOT 
(end of tape) mark the  program terminates. 

5.2 The replay s t age  

This program produces four analogue outputs ,  which can be 
displayed on an ink-jet  (Mingograph) recorder,  from the  de tec t ion  da ta  
recorded on the  d isc .  The four output channels a r e  a s  follows:- 



(a)  Time code. 

(b) Tota l  sum of a l l  channels (bes t  beam). 

(c) The b e s t  beam f i l t e r e d  i n  the  1 t o  2 Hz band (using the 
same f i l t e r  a s  i n  the  process s tage)  and time s h i f t e d  to l i n e  
up with channel (b) . 
(d) Product of the  f i l t e r e d  l i n e  beams. 

Channel (d) is use fu l  i n  assess ing  the  v a l i d i t y  of a 
de tec t ion;  i f  t he re  is a genuine s i g n a l  and t h e  b e s t  beam has been 
picked, then t h i s  product channel w i l l  be a l l  pos i t ive ,  

When each f i l e  is se lec ted  f o r  replay ,  t h e  f u l l  s i g n a l  and 
system d a t a  a r e  l i s t e d  on the  terminal.  The ana lys t  i s  thus a b l e  t o  
i n t e r p o l a t e  between beams, i f  necessary, by comparing the  amplitudes of 
the  adjacent  beams. 

The program a l s o  includes an option t o  obta in  a summary of 
the  de tec t ions  i n  any run, t h i s  summary lists the  f i l e  number, t h e  
amplitude and i d e n t i f i c a t i o n  number of the  b e s t  l i n e  beams, the  number 
of f a l s e  t r i g g e r s  s i n c e  t h e  last de tec t ion  and the  onset  time t o  t h e  
nea res t  second. 

When a l l  replays have been completed, the  f i l e s  a r e  t r ans fe r red  
from d i s c  t o  a l i b r a r y  tape f o r  long-term s torage .  

5.3 The log  de tec to r  

Beam forming f o r  de tec t ion  a s  described above is  a l i n e a r  
process*; the  beams a r e  simply l i n e a r  sums of the  input  data.  I n  recent  
years  however, var ious  non-linear types of de tec to r s  have been 
advocated i n  an attempt t o  reduce the  number of " f a l s e  alarms" 16-71. 
Experiments have been made with the  d i g i t a l  SASP with one of these 
non-linear de tec to r s ,  t he  log  (logarithmic) de tec to r  of Weichert [ 7 1 , 
t o  a s sess  i ts  advantages over t h e  l i n e a r  de tec tors .  Weichert [ 7 ]  
sugges ts  t h a t  beam forming f o r  de tec t ion  be ca r r i ed  out  on an 
approximation t o  the  log  ( t o  the  base 2) of t h e  f i l t e r e d  input  da ta ;  
being t o  a binary base,  t he  process of taking logs can be made rapid.  
Each inpu t  value is reduced t o  8 b i t s ,  a 4 b i t  exponent and a 4 b i t  
"mantissa". For a l l  abso lu te  values of l e s s  than u n i t y ,  t he  l o g  is set 
t o  zero. I n  taking the  logarithm the  s ign  of the  input  va lue  is ignored, 
the  s i g n  being assigned t o  t h e  logarithm i t s e l f .  The r e s u l t  of t h e  l o g  
conversion is t o  make the  range of amplitude of the  input  d a t a  more 
uniform. Signals  a r e  detected now more by t h e i r  coherency compared t o  
the  no i se  than by an increase  i n  amplitude. Weichert [ 7 ]  has  shown t h a t  
t h e  two main advantages of using the  log  de tec to r  compared t o  t h e  
l i n e a r  de tec to r  a re :  (a)  a lower de tec t ion  threshold is poss ib le ,  and 
(b) spurious l a r g e  amplitude s i g n a l s  a r e  l e s s  l i k e l y  t o  produce a 
de tec t ion .  A s  each input  value is reduced on conversion t o  logs  t o  an 
8 b i t  word, the  need f o r  sca l ing  t h e  STA discussed i n  sec t ion  5.1 i s  
removed. 

*For smal l  s i g n a l s  t h i s  i s  not  s t r i c t l y  t r u e  because they a r e  
represented by s i g n  only a f t e r  s c a l i n g  t o  prevent the  overloading of 
l a r g e  s igna l s .  



Using the  log detec tor  on the  SASP and forming a beam every t h i r d  
sample gives a speed up f a c t o r  of 20 t i m e s  r e a l  time compared t o  the  30 
times r e a l  t i m e  possible with the  l i n e a r  de tec tor .  

5.4 Performance 

I n  the  t e s t i n g  and commissioning s tages ,  only two s h o r t  
sec t ions  of da ta  have been analysed, purely a s  a check on performance. 
Before f i n a l  decisions a r e  made on the  threshold l eve l s ,  a l a r g e  amount 
of da ta  w i l l  have t o  be processed, but  s u f f i c i e n t  has been done t o  show 
t h a t  the  log  detec tor  is  f a r  super ior  t o  the l i n e a r  de tec tor .  The main 
experiments have been performed on a sec t ion  of YKA da ta  from the  
period of the  In te rna t iona l  Seismic Month (ISM: February - March 1972). 
Seismic da ta  recorded during the ISM have been studied i n  d e t a i l  
elsewhere [81, t o  produce a s  complete a l i s t  a s  poss ib le  of earthquakes 
and explosions t h a t  occurred during the  period. Comparison of the  SASP 
detec t ions  with the  ISM list [g] is then the  bes t  way t o  a s sess  the  
performance of the  SASP. A s imi la r  study has been made by Weichert using 
the  CANSAM, s o  the  SASP and CANSAM r e s u l t s  can he comnared. 

From the  ISM a 6-hour sec t ion  (1972, February 24, 10:OO - 
16:30) was chosen because the  CANSAM r e s u l t s  showed t h i s  t o  be a 
reasonably a c t i v e  period. The threshold l e v e l  was varied by a l t e r i n g  
the  d iv i s ion  i n  the  LTA formation process and i s  expressed as a r a t i o  
of LTA-to-STA. The number of f a l s e  t r i g g e r s  ( indicated i n  the  print-out  
f o r  each f i l e )  and the  number of f a l s e  de tec t ions  assessed from the  
records a s  being due t o  non-seismic s igna l s  ( invar iably  tape drop-outs), 
were logged f o r  each condition. The r e s u l t s  a r e  given i n  t a b l e  1, 
together  wi th  the  CANSAM r e s u l t s  f o r  comparison. The super io r i ty  of the  
log detec tor  is obvious. Even when the  threshold of the  l i n e a r  de tec to r  
is lowered, and the  f a l s e  t r igge r  count is pushed up t o  209, only one 
add i t iona l  genuine detec t ion  is  made which is  s t i l l  about a t h i r d  of 
the  bes t  log  detec tor .  The lowest threshold log  detec tor  found four 
s igna l s  not logged by the  CANSAM whereas the  CANSAM logged 11 s i g n a l s  not 
seen by the  SASP. Note t h a t  a t rue  comparison of the  performance of the  
SASP and the  CANSMf is  not poss ib le  because the  number of f a l s e  de tec t ions  
t h a t  occurred on the  CANSAM is  not reported. 

One fea tu re  of the  log detec tor  revealed by these da ta  is the  
much sharper discrimination between the  beams. Figure 11 i l l u s t r a t e s  
t h i s  by showing a comparison between the  normalised amplitudes of the  
22 beams f o r  the  s i g n a l  a t  12 h 11 min 33.2 s f o r  both the  log and 
l i n e a r  de tec tors .  The processed s i g n a l s  f o r  t h i s  earthquake which has 
an ISM magnitude of mb 3.88 a r e  i l l u s t r a t e d  i n  f i g u r e  12(a) .  Figure 12(b) 
shows the  outputs  f o r  the  s igna l s  with a r r i v a l  time 11 h 27 min 43 S 

which was not detected by the CANSAM. 

Because of the  g rea te r  resolu t ion  of the  log de tec to r ,  it is 
easier t o  i n t e r p o l a t e  between beams t o  est imate the  ve loc i ty  of the  
s igna l .  Figure 12(c) shows a s i g n a l  t h a t  does not  completely c o r r e l a t e  
on the  product output.  The normalised beam amplitudes ( f igure  13) show 
t h a t ,  although the  beams 8 and 5 picked by the  processor a r e  co r rec t ,  a 
much b e t t e r  est imate obtained by in te rpo la t ing  is, say ,  7.6 and 4.7. Thus, 
a b e t t e r  ve loc i ty  could be determined than t h a t  obtained from the  b e s t  
beam. Examples of t h e  SASP output from simulated d i g i t a l  da ta  a r e  shown 
i n  f igure  14. 



CONCLUSIONS AND RECOMMENDATIONS 

The p r i n c i p a l  conclusion of t h i s  r e p o r t  is t h a t  it is poss ib l e  
t o  d e t e c t  and process the  s i g n a l s  recorded by a 20 element UK-type a r r a y  
a t  16 times real time o r  f a s t e r .  I f  analogue input  is used, t he re  a r e  some 
d i f f i c u l t i e s  with f a l s e  de t ec t ions ,  p r i n c i p a l l y  a r i s i n g  from noise 
generated i n  the  analogue play-back system; i n  add i t ion ,  i t  is d i f f i c u l t  
t o  ob ta in  a s u f f i c i e n t  delay between the  main (unf i l t e r e d )  d a t a  stream 
and the  de tec t ion  stream t o  al low s i g n a l s  t o  be ed i t ed  on t o  a d i s c  
wi th  a s u f f i c i e n t  length  of no i se  preceding the  s i g n a l .  None of these  
d i f f i c u l t i e s  is insurmountable, but  i t  is  recommended t h a t  where 
poss ib l e  the  a r r ay  d a t a  should be  recorded i n  d i g i t a l  form f o r  input  t o  a 
d i g i t a l  SASP; t h e  d i g i t a l  SASP has much more f l e x i b i l i t y  than the  
analogue vers ion  and wi th  a l i n e a r  de t ec t ion  processor can be  operated 
up t o  30 times r e a l  t i m e .  I n  order  t o  reduce f a l s e  de t ec t ions ,  however, 
it i s  recommended t h a t  t he  log  d e t e c t o r  of Weichert [ 7 ]  be used. Though 
t h e  processing speed is  thereby reduced t o  20 times r e a l  t i m e ,  i t  is more 
than adequate.  

The performance of t he  de tec t ion  processor  i n  t h e  SASP has  y e t  
t o  be assessed  but  prel iminary s t u d i e s  show t h a t  using the  log  de tec to r ,  
s i g n a l s  with s igna l /no i se  r a t i o  of around two ( a f t e r  band pass  f i l t e r i n e )  
can be de tec ted  a s  required (see  f igu re  12(b)) with no f a l s e  de tec t ions .  
The l a r g e s t  sample of da t a  s tudied  s o  f a r  i s  from Yellowknife and was 
recorded during the  I n t e r n a t i o n a l  Seismic lfonth (ISM). During: t h i s  neriod,  
t h e  SASP was a b l e  t o  d e t e c t  most s i g n a l s  from seismic d is turbances  known 
t o  have occurred wi th  amplitudes of 0.25 nm o r  g r e a t e r  (and some with 
smal le r  amplitudes) which i s  equivalent  t o  % 3.5, an order  of magnitude 
below the  threshold  of mt, 4.5 set a s  t h e  l i m i t  of de t ec t ion  t h a t  SASP 
must achieve a t  a qu ie t  mid-continental site. The ~ e r i o d  of t h e  ISM was 
February/March, a time of year  when noise  l e v e l s  a t  Yell-owknife a r e  verv 
low.  I n  the  summer months t h e  noise  l e v e l s  could be an order  of mamitude 
g rea t e r .  Consequently the  r e s u l t s  achieved s o  f a r  with SASP mav represent  
t h e  b e s t  t h a t  can be achieved and the  average de tec t ion  threshold 
may be nea re r  rnh 4.5 than q 3.5. 
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TABLE 1 

Comparisons of t h e  Performance of t h e  D i g i t a l  SASP with Log 
and Linear  Detectors ,  with CANSAM f o r  24 February 1972 and 

Yellowknife Data 

LTA/ STA 

Time 
10:23:0.1 
10:27:15.0 
10:28:16.3 
10:35:47.5 
10:47:22.0 
11:02:4.0 
11:27:43.0 
11:40:0.0 
11:44:49.6 
11:52:19.0 
11:58:50.0 
12:Ol: 33.5 
12:02:45.0 
12:11:33.2 
12:13:49.0 
12:26:36.0 
12:32:28.0 
12:33:32.0 
12:42:19.0 
12:45: 28.0 
13:0:2.0 
14:07:52.0 
14:40: 39.0 
15:19:25.2 
15:21:59.0 
15:38:2.5 
15:55.57.0 
16:02:28.5 
16:OS:g.O 
16:09:18.0 
16: 21:29 

Tota l  de t ec t ions  
False de tec t ions  

Pass 
No. 

3 

1 
3 
1 
2 

1 
1 
2 
2 
1 
2 
1 
2 
3 
3 
3 

2 
2 
2 
2 
3 
2 
3 
3 
1 
1 
2 

2 7 

False  t r i g g e r s  

SASP CANSAM 

Amplitude, 
nrn 

0.06 

3.95 
0.24 
0.46 
0.04 

1.40 
3.18 
0.07 
0.04 
0.51 
0 
0.83 
0.07 
0.25 
0 
0.25 

0.09 
0.07 
0.09 
1.02 
0.19 
0.10 
0.22 
0 
1.59 
0.66 
0.24 

Log 

2.95 

D 

D 

D 
D 

D 

D 

D 

D 

D 

30 

Linear  

22 209 

1.3 

D 

D 

D 

D 

D 

D 

6 
2 

110 

Detector  

2.6 

D 
D 
D 
D 

D 
D 
D 

D 

D 

D 

D 

D 

D 
D 

D 

15 
0 

Detector 

1.22 

D 

D 

D 
D 

D 

D 

D 

7 
5 

2.3 

D 
D 
D 
D 
D 

D 
D 
D 

D 

D 

D 

D 
D 
D 

D 
D 

D 
D 
D 
D 

20 
0 
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T 
GAURIBIDANUR ARRAY ( INDIA) 

WARRAMUNGA ARRAY (AUSTRALIA) 

FIGURE 1. LAYOUT OF THE SEISMOMETERS AT THE THREE UK-TYPE ARRAYS: 
GAURIBIDANUR. INDIA (GBA); WARRAMUNGA. AUSTRALIA (WRA); AND 
YELLOWKNIFE. CANADA (YKA) 
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FIGURE 2(a). DIAGRAMMATIC REPRESENTATION OF THE BASIC PROCESS OF REAM 
FORMING 

TIME T 
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FIGURE 2(b). B M  FORMING USING A RING BUFFER 

24 
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FIGURE 3(a) .  BEAM FORMING AT TIME T g ;  PROCESS CONFINED TO BUFFER 1 

CHANNEL 1 

I 1  2 

I 1  3 

FIGURE 3(b) .  DATA FROM TIME T b  REPLACES DATA FROM TIME T 1  I N  BOTH 
BUFFERS AND BEAM FORMING MOVES TO T g .  BEAM FORMING 
PROCESS NOW OVERLAPS FROM BUFFERS 1 AND 2 

T3 T5 T4 T3 T5 T4 

CHANNEL 1 

I 1  2 

!I 3 

FIGURE 3 ( c ) .  DATA FROM TIME T 5  REPLACES DATA FROM TIME T 7  I N  BOTH 
BUFFERS AND BEAM FORMING MOVES TO T q  

REPLACES DATA FOR TIME Tg I N  BOTH 
BUFFERS AND BEAM FORMING PROCESS RETURNS TO BUFFER 1 
FORTIME THE SEQUENCE O F  OPERATIONS 3(a)  t o  3(d) I S  NOW REPEATED 

FIGURE 3. BEAM FORMING USING DUAL BUFFERS 
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-0 .2 -0.16 -0-12 -0.08 -0.04 0 0.04 0.08 0.12 0-16 0.20 
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FIGURE 4. WAVE NUMBER RESPONSE OF AN ARRAY OF TEN SEISMOMETERS SPACED 
AT EQUAL INTERVALS IN A LINE OF LENGTH 25 KM (SPACING 2.5 KM) 

FIGURE 4(a). RESPONSE FOR SUMMING WITHOUT DELAYS 

FIGURE 4(b). RESPONSE FOR SUMMING FOR SLOWNESS 0.04/f 
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POINTS OF COMBINED 
LINE BEAMS 

* CENTRE OF A BEAM 

FIGURE 5 ( a ) .  DISTRIBUTION O F  THE BEAM CENTRES ( I N  THE K PLANE) FOR THE 
ARRAYS AT GAURIBIDANUR. INDIA 

THE PARALLELOGRAM FORMED BY THE INTERSECTION O F  THE 3 DB L I M I T S  FOR THE 
COMPONENT L I N E  BEAMS AROUND EACH BEAM CENTRE I S  SHOWN FOR EACH ARRAY. 
NOTE THAT WITH T H I S  DISTRIBUTION O F  BEAMS ALL THE EARTH AT DISTANCES OF 
MORE THAN 30' FROM THE ARRAY L I E S  WELL WITHIN THE 3 DB L I M I T S  FOR AT 
LEAST ONE BEAM. 



AREA WITHIN THE 3 d b  POINTS 
OF COMBINED LINE BEAMS 

CENTRE OF A BEAM 

FIGURE 5 ( b ) .  DISTRIBUTION O F  THE BEAM CENTRES ( I N  THE K PLANE) FOR THE 
ARRAYS AT WARRAMUNGA. AUSTRALIA 
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THE PARALLELOGRAM FORMED BY THE INTERSECTION O F  THE 3 DB L I M I T S  FOR THE 
COMPONENT LINE BEAMS AROUND EACH BEAM CENTRE I S  SHOWN FOR EACH ARRAY. 
NOTE THAT WITH T H I S  DISTRIBUTION O F  BEANS ALL THE EARTH AT DISTANCES OF 
MORE THAN 30' FROM THE ARRAY L I E S  WELL WITHIN THE 3 DB L I M I T S  FOR AT 
LEAST ONE BEAM. 
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FIGURE 7. BLOCK LAYOUT OF THE DIGITAL SASP HARDWARE 
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FIGURE 8, SIMPLIFIED BLOCK DIAGRAM OF THE SEARCH PROCESS 
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FIGURE 9(a). IMPULSE RESPONSE OF 1 - 2 HZ DIGITAL FILTER 
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FIGURE 9(b).  AMPLITUDE RESPONSE OF 1 - 2 HZ DIGITAL FILTER 
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FIGURE 10. SIMPLIFIED BLOCK DIAGRAM OF THE DATA TRANSFER PROCESS 
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FIGURE 12(a). SIGNAL DETECTED AT 12:11:33.2 (ISM MAGNITUDE nh, 3.88) 

( bl  FIGURE 12(b).  SIGNAL DETECTED AT 11:27:43 

FIGURE 12(c) .  SIGNAL DETECTED AT 11:44:49.6 (ISM MAGNITUDE n q , u  

FIGURE 12. EXAMPLES OF SIGNALS DETECTED AND PROCESSED BY THE DIGITAL 
SASP. DATA FOR 1972, FEBRUARY 24. FROM YELLOWKNIFE. CANADA 
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FIGURE 14(a). P SIGNAL FOR EARTHQUAKE WITH EPICENTRE WEST OF MACQUARIE 
ISLAND (ORIGIN TIME 23:51: 59.2, nq, 5.1) 

FIGURE 14(b). PcP FOR EARTHQUAKES SHOWN IN FIGURE 14(a) 

FIGURE 14. EXAMPLES OF SIGNALS DETECTED AND PROCESSED BY THE DIGITAL 
SASP. DATA FOR 1971. JUNE 23. FROM WARRAMUNGA. AUSTRALIA 



APPENDIX A 

SPECIFICATIONS 

Al. ANALOGUE TAPE DECK 

Type: 

Manufacturer: 

Tape Speeds: 

A2. ANALOGUE TAPE LOOP 

Type : 

Manufacturer: 

A3. ANALOGUE FILTERS 

Type : 

Manufacturer: 

Pass Band: 

EM1 TD4 28 channel 

EM1 (Electronics) 

1.2, 2.4, 4.8, 9.6, 19.2 and 
38.4 in. s'l 

MR 1200 

Epsy lon 

4 pole Butterworth filters 

KEMO, Beckenham 

1 - 2 Hz (at 3 db points) 

A4. ANALOGUE-TO-DIGITAL 

UKAEA, Culham Laboratories 

Number of Channels: 42 

Sample and Hold Unit: ANALOG DEVICES SHA-5 

Analogue-to-Digital 
Convertors : ANALOG DEVICES ADC-12QZ 

Number of Bits : 12 

Overall Conversion Rate: 5 kHz 

Input Amplifier Signal 
Range : +5 V 

Least Significant Bit: 2.5 mV 

A5. DIGITAL COMPUTER 

Manufacturer : Digital Equipment Corporation 

Central Processor: PDP11/40 with 16 bit word 

S torage : 32000 bytes 



Peripherals: P~11/PR11 high speed paper tape 
reader /punch ; 
T M l l  800 bpi 9 track magnetic tape 
drive ; 
LA30 Decwriter terminal; 
R K l l  2 .4  megabyte moving head; 
Cartridge disc drive 

A 6 .  DIGITAL-TO-ANALOGUE CONVERTORS 

Manufacturer: Digital Equipment Corporation 

Type : AA11-D 

Eumber of Channels: 4 

Interface Unit: DR11-A 



APPENDIX B 

CALCULATION OF SLOWNESS AND AZIMUTH OF A PLANE 
WAVE FROM THE TWO COMPONENTS OF SLOWNESS ON THE 

ARMS OF AN ARRAY 

Let the  two arms of the  a r ray  be a s  shown in f i g u r e  B1. Let 
$ be t h e  angle between N, and t h e  arm AB with s t r i k e  neares t  N-S. Let L# 

be t h e  angle between the  arms. Then, fo r  a plane wave f r o n t ,  perpendicular  
d is tance  d from the  o r i g i n  0 at time t ,  the  slowness S = t /d .  

I f  0 is the  angle between t h e  arm AB and t h e  perpendicular  t o  
the  wave f ron t ,  then S,,, the  slowness along AB, is given by 

S = t COS 0/d,  
Y 

S COS 0 .  . . . . . (Bl) 
Now t he  slowness Sx along CD is given by 

Sx = t cos (4 - e ) /d ,  

= S cos (0 - 01 ,  

thus,  

cos 4 + t a n  8 s i n  4 ,  

so  8 is given by 

t a n  0 = (SxlS - cos / s i n  4 .  
Y 

The azimuth is then 4' 3. 0 .  

The slowness S can then be found e i t h e r  using equation (Bl) o r  ( ~ 2 )  o r  

S can always be found using equation (B3), whereas equation (81) cannot 
be used i f  0 - n / 2  and equation ( ~ 2 )  cannot be used i f  (4 - 0) - n/2. 



FIGURE Bl. RELATION OF PLANE WAVE AT AN A R M  TO THE ARRAY M S  
AB AND CD 



APPENDIX C 

CO-ORDINATES OF BEAMS PROJECTED 
ON TO THE EARTH'S SURFACE 

Each of the 121 beams formed f o r  a given ar ray  by SASP can be 
spec i f i ed  by t h e  components of slowness on each of the  two arms of t h e  
ar ray .  The beams can a l s o  be speci f ied  by:- 

(a) Azimuth and slowness. 

(b) Azimuth and speed. 

(c) Azimuth and distance of the  projec t ion of the  beam on t o  
the ea r th  'S surf  ace. 

(d) Latitude and longitude of the  project ion of the beam on t o  
the  ea r th ' s  surface.  

Tables C l ,  C2 and C3 give the spec i f i ca t ions  of the  SASP beams 
i n  each of these ways f o r  the  ar rays  Gauribidanur, India;  Warramunga, 
Austral ia;  and Yellowknife, Canada respectively.  



TABLE C1 

GBA: PART 1 

GRDRI~IGRNUR ARRRY 0 . l 0  43 - 3  0 . 1 1  53.9 0 .12  63.0 0 1 3  70.7 0.14 77.0  SLOWIXSS AZIMUTH 
0.14 347 .O 0.13 353.3 0.12 1 .0  0.11 10.2 0.10 20.7  0 .10  32.0 9 . 8 1  43.3  9.28 53.8 8.57 63.0 7 .81  70.7 7.07 77.0 UELOCIN AEItlUTH 
7.07 347.0 7 .81  353.3 8.57 1 .0  9.28 10.2  9.81 20.7 10.00 32.0 19.89 43.3 1S.5S 53.S 19.92 63.2 -1.00 70.7 -1.00 77.0  DISTANCE AZIMUTH 

-1.00 347.0 -1.00 353.3 15.92 1.0 1'6.58 10.2 19 .S9 20.7 20.36 32.0 27 .581 92.7E 24.0:Il 93.SE 20.371 92.5E 13.271 76.5E 13.38N 76.4E LATITUDE LONGITUDE 
12.621 77 .?E 12.601 77.6E 29.40N ??.SE 31.94N 81.2E 32.1311 85.6E 30.56t1 ~ 9 . 8 E  IIIDIA-CHItIfl BORDER REGiOtl GURMR INDIA 

I t lOId  NORTHERN IWDIR TIBET GULMR-ItiOIfi BORDER REGIOM IBDIR 
INDIA TIBET TIBET 

0.08 .:6 .O 0.09 58.6 0 .10  68.9 0.1: 77.0 0 .13  83.3 SLLiIIIESS AZIMUTH 
l 0.13 340.7 0 . 1 1  347.0 0.10 355.1 0.09 5 . 4  0.08 18.0 12.13 46.0 11.18 58.6 10.00 68.9 8.84 77.0 7 .81  83.S UELOCIT{ RZIMUTH 0.08 32.0 

7 .81  540.7 8.84 347.0 10.00 355.1 11.18 5.4 12.13 18.0 12.50 32.0 25 85 46.0  23 .03 58.6 20 .36 68.9 17.16 77.0 -1.00 83.3 DISTRNCE AZIMUTH 
-1.00 340.7 17.16 347.0 20.36 355.1  2: BR 5 . 4  25.36 18.0 29.86 32.0 30.4811 93.8E 24.5?l!  PS .9E 20.O)N 97.6E 16.84t l  94.9: 1 3 . 4 9 H  76.4E LPTIWDE LONGITUDE 
12.651 77.8E 30.36N 73.OE 33.971 75.4E 3 i . l l t l  80.1E 38.05# 87.2E 3 8 O l H  95.9E TIBET CLtjMA IUO IA 

IWDIR EASTERH KASHMIR SOUTHERtl SItlKIRllG PROU ., CHItlA BCRMR-CHItlA BORDER REGIOtl SOUTH ElJRMA 
INDIA-PRKISTRN BORDER REGIOU SOUTHERN SI~IKIAWG PROU., CHIII~ TSINGHRI PROUI!ICE. CHINA 

0.12 333.0 0.10 338.9 0.08 347.0 0.07 358.3 0.06 13.6 0.06 32.0 
8.57 333.0 10.00 338.9 11.79 347.0 13.87 358.3 15.81 i 3 . 6  16.67 3 2 . 0  

15.92 333.0 20 .36 338.9 24.60 347.0 44.13 358.3 57 .60 13.6 62.96 32.0 
27.701 69.4E 32.491 68.9E 37.551 70.7E 57.791 75.2E 67.5111 108.5E 57.39t l  138 . l E  

INDIA-PLKISTAH BORDER REGION RFGHRNISTAN-USSR BORDER REGION CEtlTRAL SIBERIA 
AFGHL1ISThW CENTRAL USSR EASTERN USSR 

C1 
C1 

0 . 1 1  323.8 0.09 328.6 0.07 335.7 0.06 347.0 0.04 5 .4  0 . 0 4  32.0 
9.28 323.8 11.18 328.6 13.87 335.7 17.68 347.0 22.36 5 .4  25.00 32.0 

18.58 323.8 23.03 328.6 44.13 335.7 68.63 347.0 84.99 5.4 999.99 32.0 
28.301 65.1E 32.841 63.4E 51.88N 49.9E 75.43t j  21.6E 80.01U 135.314 999 99 999.9 

PRKISTM EUROPEAH USSR ARCTIC OCERW 
SOUTHWESTER1 AFGHANISTAN SURLBRRD REGZOW 

0.10 313.3 0.08 316.0 0 .06  320.4 0.04 328.6 0.03 347.0 0 .02  32.0  
9 . 8 1  313.3 12.13 316.0 15 .81 320.4 22.36 328.6 3 5 3 6  347.0 50.00 32.0  

19.90 313.3 25.86 316.0 57.60 320.4 84.99 328.6 999.99 347.0 999.99 32.0 
26.691 61.4E 31.211 56.7E 49.49N 21.9E 58.05N 24.9W 999.99 999.9 999.99 999.9 

SOUTHERB IRRR POLAND 
IRA1 WORTI! ATLAIITIC OCERN 

0.10 302.0 0.08 302.0 0.06 302.0 0.04 302.0 0.02 302.0 0.0 0.0 
10.00 302.0 12.50 302.0 16.67 302.0 25.00 302.0 50 0 0  302 .O 999.99 0 .0  
20.36 302.0 29.86 302.0 62.96 302.0 999.99 302.0 999 99 302.0 999.99 0 .O 
23.621 58 .?E 27.501 49.1E 34.60tl 1 l . l E  999.99 999.9 999.99 999.9 999.99 999.7 

EISTERN hRABIRN PERIHSULA TUNISIA 
Ef is r r i tn  RR~BIIIW PENINSULA 

0.10 290.7 0.08 288.0 0.06 283.6 0.04 275.4 0.03 257.0 0 .02  212.0 
9.81 290.7 12.13 288.0 15.81 283.6 22.36 275.4 35.36 257.0 50.00 212.0 

19.90 290.7 25.86 288.0 57.60 283.6 84.99 275.4 999.99 257 .O 999.99 212.0 
19.80W 57.7E 20.07Y 51.2E 18.63W 17.5E 6.48M 8.9W 999.99 999.9 999.99 999.9 

ELSTERN IIRABIAW PERIHSULA CENTRRL fiFRICR 
EISTER1 11RABILW PEMIRSULR NORTHVEST RFRICA 

0.06 50.4 0.07 65.7 0.08 77.0 0 . 1 0  85.1  0.12 91.0 SLOWNESS AZIMUTH 
15.81 5 0 . 4  13 87 65.7 11.79 77.0 10.00 8 5 . 1  8.57 91.0 UELOCIM AZIMUTH ~ ~~ - 

57 .60  50.4 (;:.l3 65.7 24.60 77.0 20.36 8 5 . 1  15.92 91.0 DISTANCE AZIMUTH 
40.5911 136.2E 26.6711 122.6E 17.7Etl 102.6E 14.448 98.4E 12.7911 93 .8E LRTITUOE LONGITUDE 

EASTEEN SEA OF JRFR~I SOUTHEAST ASIA AnDannn ISLRWOS REGIO~I 
TRIURtl KEGIOtl SOUTH BURMA 

0.04 59.5 0 . 0 6  77.0  0.07 S8.3  0 .09  95.4 0 . 1 1  100.2 SLOWtlESS AZIMUTH 
22.35 58 6 17 .6s  77.0 .13.87 $5.3 11.18 95.4 9.28 100.2 UELDCITY RZIMUTH 
84.99 56.6 65 .63 77.0 44.13 88.3 23 .03 95.4 18 .58 100.2 DISTRMCE RZIMUTH 
3 1  S 5 t I  169.9E 16.9ON 148 SE 10.89tl 122.6E 10.331 100 .8E 9.66N 96 .OE LRTITUDE LONGITUDE 

IIOET!I FflCIFIC OCEAN PAWAY, PHILIPPItlE ISLLUOS MICOBRR ISLRHDS REGION 
MflRIbliA ISLANDS REGION GULF OF THAILAND 

0.03 7 7 . 0  0.04 95.4 0.06 103.6 0.08 108.0 0.10 110.7 SLOWESS RZIMUM 
35.36 77.0  22.35 95.4 15.91 103.6 12.13 108 .O 9 . 8 1  110.7 VELOCITY AZIMUTH 

9$9.I'? :7 0 84.99 95.4 57.60 103.6 25 .86 108.0 19.90 110.7 DISTANCE hZiMUTH 
999 P? 9?!.9 4 12s 161 3E 3 89s 132.8E 4 5PN 102.0E 5 . 9 4 1  96.1E LATITUDE LOWGITUDE 

WEST IRIAN IIURTWEEtI SUMATRA 
tiORTH OF SOLOMOtl ISLANDS MRLAY PEtlItlSULA 

0 .02  122.0  0 . 0 1  122.0 0.06 122.0 0.08 122.0 0 .10  122.0 SLOWnESS AZIMUTH 
50.C0 122.0  25.00 122.0 15.67 122.0 12.50 122.0 10.00 122.0 UELOCIN RZIMUTH 

999 .99 122.0 999 P9 i 2 2 . 0  62.96 122.0 29.8b 122.0 20.36 122.0 DISTRtlCE AZIMUTH 
999.99 9>Y 9 999.99 999 .P 20.785 131.3E 3 ,115 102.5E 2.30N 94.6E LRTITUDE LCitGITUDE 

tiORTHERH TERRITORY. AUSTRALIA OFF W. COAST OF tIOETHERN SUNHTRA 
SOUTHEEtl SUMRTRA 

0.0- 167.0 0.04 148.6 0.06 140.4 O.PG 136.0 0 . l 0  133.3 SLGWlESS AZIMUTH 
35.36 167.0 21 .36 148.6 15 .81 140.4 12.13 136 .O 9 .81  133.3 UELOCIN AZiMUTH 

999.99 167 .O 8 1 . 9 9  148.6 57.60 140.4 25.S6 136.0 19.89 133.3 DISTRNCE f iZIWTH 
999.99 999.9 53.90s 138.8E 30.685 116.1E 5 .495 95.1E 0 .42s  9 1  .SE LATITUDE LONGITUDE 

WESTERN AUSTRALIA SOUTH IWOIRN OCERN 
WEST OF MACQUARIE ISLAIID SOUTHWEST OF SUMATRR 
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TABLE C2 

WRA: PART 1 

WRRRRMUNGR RRRRY 0.10 15.5 0.10 26.9 0.11 37.2 0.12 46.1 0.13 53.5 SLOKIESS RZIWTH 
0.15 323.5 0.14 328.9 0.13 335.6 0.11 343.6 0.11 353.2 9.99 15.5 9 .71  26.9 9 .12  37.2 8.38 46.1 0 .10  4.0 7 .60  53.5 UELOCITY AZIMUTH 
6.49 323.5 7.18 328.9 7 .94  335.6 8 . 7 1  343.6 9 . 4 1  353.2 9.88 4.0 2 0 3 3  15.5 19.56 26.9 18.12 37.2  14.65 46.1 -1 .OO 53 .5 DISTRUCE RZIhilTH 

-1.00 323.5 -1.00 328.9 -1.00 335.6 16.64 343.6 18.90 353.2 20.07 4.0 0.17s 139.7E 2.13s 143.1E 3.15s 145.2E 9.455 145 .OE 20.548 133.5E LRTINOE LOIICINDE 
20.755 135 .OE 2O.BlS 134 .?E 20.865 134.8E 3.845 129.7E 1.05s 132.1E 3.20H 135.7E WEST IRIRI: EAST PRPUA NEW GUINEL REGIOH NORTHERN TERRITORT. RUSTRRLIR 

WORTHERW TERRITORY, RUSTRllLlR WORTRERW TERRITORY, IIUSTRRLIR UEST IRIRW PRPUA NEW GUINEA REGION CORRL SEA 
WORTHEPW TERRITORY. RUSTRRLIII CERAM WEST IRIRM 

0.08 18.4 0.06 32.2 0.09 44.0 0 . 1 1  53.5 0.12 60.9 SLOWNESS RZIWTH 
0.14 318.1 0 .12  323.5 0 . 1 1  330.5 0.10 339.4 0.09 350.6 0.08 4.0 12.44 18.4 11 .81 32.2 10 .71 44.0 9 . 5 1  53.5 8.38 60.9 UELOCITY RZIMTH 
7.18 318.1 8.12 323.5 9 .21  330.5 10.41 339.4 11.56 350.6 27.93 18.4 24.67 32.2 21.96 44.0 19.15 53.5 12.35 4.0 14.65 60.9 DISTAWCE AZLINTH 

-1.00 318.1 4.56 323 .5 18.36 330.5 21.26 339.4 23.95 350.6 26.89 4.0 8 8511 142 .?E 1.40N 147.2E 3.558 149.4E 7 .91s  149.8E 12.355 147.4E LRTITIJEE LONGITUDE 
20.695 135 . lE  16.24s 131.5E 3.69s 125.4E O.19N 127.OE 3.86# 130.6E 7.05N 136.2E CRROLIIIE ISLAltDS REGIOR BISMARCK SER CORAL SEA 

NORTHERW TERRITORY, IUSTRALIR CERAM SER NORTH OF HALMRHERA CAROLIHE ISLRNDS REGION NEW BRITAIN REGIOH 
NORTHERW TERRITOPY. AUSTRRLIR H ALMRHER A WEST CAROLIllE ISLRNOS 

0.06 23.2 0.07 40.3 0.08 53.5 0 .09  63.0 0 . 1 1  69.8 SLOWIESS RZIWTH 
0.L3 311.4 0 .11  316.5 0.09 323 .S 0 .06  333.2 0.07 346.6 0.06 4 .D  16.41 23.2 14.S1 40.3 12.67 53 .S 10.71 63.0 9 . l 2  69.8 UELOCITY RZIIlUTH 
7.94 311.4 9.21 316.5 10.82 323.5 12.80 333.2 14.93 346.6 16.46 4.0 61.28 23.2 50.99 40.3 32.42 53.5 21.96 63.0 18.12 69.8 OISTRtlCE RZIWTH 

-1 .00  311.4 18.36 316.5 22.21 323.5 34.12 333 2 51.87 346.6 61.65 4.0 3 6 7 4 N  159 SE 20.2414 166 .?E 0.79N 159.9E 8.965 154.1E 12.875 151.8E LATITUDE LONGITUOE 
20.61s 135.2E 6.17s 121.8E 1.62s 121.4E 11.04N 119.4E 30.8711 122.1E 41.86U 139.1E tlORTH PACIFIC OCERN CRROLINE ISLRIIDS REGION OEHTRECRSTERUX ISLAHOS REGION 

WORTHERW TERRITORY, AUSTRALIR SULRWESI ERSTERII CHI~IR nofiTti PACIFIC OCEAN DEtlTRECASTEAUY ISLRltOS REGIOII 
FLORES SEI  PALIWLN, PHILIPPIIIE ISLANDS HOKKA100, JAPRY. REGIOl 

0.11 303.4 0.10 307.6 0.08 313.8 0 .06  323.5 
8 .71  303.4 10.41 307.6 12.80 313.8 16.24 323.5 

16.64 303.4 21.26 307.6 34.12 313.8 60 .18 323.5 
m 10.24s 120.3E 6.23'3 117.6E 4.88H 110.4E 29.341 98 .LE 

s u a r  ISLIND REGION SOUTH CHINR SER 
SRLI SEA TIBET 

0.11 293.8 0.09 296.4 0.07 300.4 0.05 307.6 
9.41 293.8 11.56 296.4 14.93 300.4 20.82 307.6 

18 .PO 293.8 23.95 296.4 51.87 300.4 80.82 307.6 
11.47s 116.8E 8.125 112.8E 9.5511 90.9E 31.01N 68.76 

SOUTH OF SUI(BRWI ISLRND NICOBAR ISLRtIDS REGIOW 
JAUR PRKISTRN 

0.10 283.0 0.08 283.0 0.06 283.0 0 .04  283.0 
10.00 283.0 12.50 283.0 16.67 283.0 25.00 283.0 
20.36 283.0 29.86 283.0 62.96 283.0 999.99 283.0 
14.235 113.9E 10.95s 104 .?E 1.98# 74.1E 999.99 999.9 

WORTHWEST OF AUSTRRLIR lVlLDIUE ISLRWDS REGION 
S O U ~ Y E S T  OF summr 

0.05 339.4 0.04 4.0 
20.82 339.4 24.69 4 .0  
80.82 339.4 999.99 4 0 
54.798 97.5E 999.99 999.9 

CEtlTRRL USSR 

0.04 32.2 0.05 53.5 0 .0s  74.8 0 .07  66.7 0.10 8 0 . 1  SLOWNESS RZIMUTH 
2 3 . 6 1  E ?  2 19.01 53.5 14.81 66.7 11.81 74.8 9 . 7 1  8 0 . 1  UELOCITY RZIMUTH 
$9.65 32.2 74.14 53.5 50.99 66.7 24.67 74.8 19.66 8 0 . 1  DISTRNCE RZIWTH 
5 2 7 5 R  164.4U 2 6 6 2 1  165.9W 4.38N 180.0W 11.935 158 .?E 15.485 154.5E LRTITUDE LOWGITUCE 

SOUTH OF RLRSKR UORTW PRCIFIC OCEAN COYRL SER 
HAWRIIRtl ISLRNOS RECIOH SOLOMON ISLANDS REGION 

0.03 53.5 0.04 74.8 0.06 83.8 0.08 88.6 0 .10  91.5 SLOWNESS AZIWJTH 
38.02 5 3 . 5  23.61 74.8 16.41 83.8 12.44 83.6 9.99 91.5 UELIICITY RZIMUT)! 

9 9 9 9 9  53.5 89.65 74 S 61.28 83.8 27.93 88.6 20.33 91.5 DISTAHCE RZIWTH 
P?? .99 P?? .P 14.23N 141.2U 4.30% 164.7W 16 8PS 163.6E 19. 17% 155 .9E LRTITUDE LONGITUDE 

LIHE ISLANDS REGION EAST OF AUSTRALIA 
IIORM PRCIFIC OCERW HEW HEBPIDES ISLRWDS REGION 

0.02 103 .O 0 .04  103.0 0.06 103.0 0.08 103.0 0.10 103.0 SLOWESS RZIMUTH 
50 00 103.0 25.00 103.0 16.67 103.0 12.50 103.0 10.00 103.0 UELOCITY IIZIl4UTH 

979.99 103 .O 999 .P9 103 .O 62.96 103.0 29.86 103.0 20.36 103.0 DISTAHCE AZIt?UTH 
999.99 999.9  999.99 999.9 ZO.1iS 158.2W 23.695 166.3E 23.19s  156.OE LRTITUDE LOBGINDE 

COOK ISLAtlOS REGIOH ERST OF AUS'MLIA 
NEW CRLEDOIIIR 

0 .03  143.5 0.05 121.6 0.07 120.4 0 .O? 116.4 0 .l1 113.8 SLOWESS RZIENTH 
0.10 271.5 0.08 268.6 0.06 263.8 0.04 254.8 0.03 233.5 0.02 184.0 32.47 143.5 20.S2 127.6 14.93 120.4 11.56 116.4 9 . 4 1  113.8 UELOCITY RZIWTH 
9.99 271.1 12.44 268.6 16.41 263.8 23.61 254.8 38.02 233 .S 49.38 184.0 999.99 143.5 80.82 127.6 51.87 120.4 23.95 116.4 18.90 113.8 DISTANCE I)ZIWTH 

20.83 271.5 27.94 268.6 61.28 263.8 89.65 254.8 999.99 233.5 999.99 184.0 999.99 999.9 38.575 131.7U 35.89s 169.OY 28.825 158.8E 26.525 153 .?E LITITUDE LOWEITUOE 
18.1SS 112.9E 18.20s 104.8E 14.66s 70.1E 14.485 39.4E 999.99 999.9 999.99 999.9 SOUTH PRCiFIC OCERW WERR ELST COAST OF IUSTRALII) 

WORTHYEET OF RUSTRALIR SOUTH IWDIRN OCElln SOUTH PRCIFIC OCEIIN EllST OF AUSTRIILIA 
SOUTH IWDI~W OCERW l a e r m I p u c  
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TABLE C3 

YKA: PART 1 

YELLOWKtIIFE RRRRY 
0.14 315.0 0.13 321.3 0.12 329.0 0.11 338.2 0.10 348.7 0 . l 0  360 .O 0.11 21.8 0.12 31.0 0.13 38.7 0.14 45.0 SLOWESS RZIIIUTH 0 .10  11.3 
7.07 315.0 7 .81  321.3 8.57 329.0 9.28 338.2 9 . 8 1  348.7 10.00 360.0 9 . 8 1  11.3 9.28 21.8 8.57 31.0 7 . 8 1  38.7 7.07 45.0 UELOCITY AZIIIUTH 

-1.00 315.0 -1.00 321.3 15.92 329.0 18.58 338.2 19.89 348.7 20.36 360.0 19.89 11.3 15.58 21.8 -1.00 38.7 15.92 31.0 -1.00 45.0 DISTANCE AZIIIUTH 
61.781 113.1U 61.711 113.3U 74.031 145.3U 77.73N 148.2U 81.08U 139.9W 82.74W 114.6W 81.08N S9.3W 77.731 81.OW 74.031 84.OU 61.711 115.9U 61.781 116.1U LATITUDE LOWGINDE 

WORTHKST TERRITORIES, C(LWADII BEAUFORT SEA ARCTIC OCERN qUEEll ELIZRBETH ISLANOS QUEEN ELIZABETH ISLRUDS NORTHWEST TERRITORIES, CANADA 
NORTHUEST TERRITORIES, CANADA hRCT1C OCERN RRCTIC OCERH QUEEN ELIZRBETH ISLRNDS HORTHWEST TEBRITORIES, CANRDA 

0.13 308.7 0 .11  315.0 
7 .81  308.7 8.84 315.0 

-1.00 308.7 17.16 315.0 
61.86N 113.0W 70.70# 153.50 

NORTHVEST TERRITORIES, CAWRDR 
ALASKA 

0.10 323.1 O.O$ 333.4 
10.00 323.1 11.18 333.4 
20.36 323.1  23.03 333.4 
73 76N 162.5U 77.92N 170.8U 

BEAUFORT SER 
ARCTIC OCEAN 

0.08 315.0 0.07 326.3 
11.79 315.0 13.87 326.3 
24.60 315.0 4.1.13 326.3 
70.51N 175.8U 64.9418 130.4E 

CHUKCHI SEA 
ERSTERN SIGERIA 

0.08 346.0 0.08 360.0 0.08 14.0 0.09 26.6 0.10 36.9 0 .11  45.0 0.13 51.3 SLOWIIESS AZIMUTH 
12.13 346.0 12.50 360.0 12.13 14.0 11.18 26.6 10.00 36.9 8 .84  45.0 7 .81  51.3  UELOCITY AZIMUTH 
25.86 346.0 29 .86 360.0 95 R6 14 0 23 03 26 6 20.36 36.9  17.16 45.0 -1.00 5 1 . 3  DISTANCE RZIMUTH 

~ ~~~ - . . - . . . . ~ -~ ~ 

83.491 177.5E 87.82H 65.4E 83.4911 467W 77.9211 58.5W 73.761 66.861 70 .?OM 75 .?W 61.86N 116.3U LATITUDE LONGINDE 
RRCTIC OCERN HEAR IIORTH CORST OF GREERLRND BRFFIN BAY NORTHWEST TERRITORIES, CRNROR 

WORTH OF FPRki JOSEF LANO WESTERN GRCENLAtiD BAFFIH ISLAND RECIOR 

0.06 341.6 0 . 0 6  360.0 0 .06  1 8 . 4  0.07 33 .7  0.08 45.0 0.10 5 3 . 1  0.12 59.0 SLOWllESS AZIMUTH 
15.81 341.6 16 67 340.0 1 5 8 1  18.4 13.87 33.7  11.79 45.0 10.00 53.1  8.57 59.0  VELOCITY AZIIWTH 
57.60 341.6 62.96 360.0 57 .60 18.4 4 4 1 3  33.7 24.60 45.0 20.36 53.1 15.92 59.0 DISTANCE AZIMUTH 
58.011 9 5 5 E  54.89N 65.4E 58.01tI 35.3E 64.9411 0.4E 70.51N 53.4W 68.15N 66.6W 66.671 78.4U LRTINOE LONGITUDE 

CEHTRRL USSR EURU?EAtI USSR WESTERll GREEIILRND HORTHWEST TERRITORIES, CRHRDA 
CENTRAL KRZRKH SSR NURWECIRII SER BRFFIN ISLRI~D REGION 

0 .11  291.8 0.09 296.6 0 .07  303.7 0.06 315.0 0.04 333.4 0.04 360.0 0 .04  26.6 0.06 45.0 0 .O? 63.4 0 .11  68.2 SLOWHESS R Z I W M  0.07 56.3 
9.28 291.8 11.18 296.6 13.87 303.7 17.68 315.0 22.36 333.4 25 .OO 360.0 22.36 26.6 17.68 45.0 11.18 63.4 9.28 68.2 VELOCITY RZIWTH 13.87 56.3  

18.58 291.8 23.03 296.6 44 . l 3  303.7 68.63 315.0 84.99 333.4 999.99 360.0 84.99 26.6 68.63 45.0 44.13 56.3 23.03 63.4 16.58 68.2 DISTAHCE AZIMUTH 
63.59W 156 .OU 63.838 166.7U 54 .78# 154.5E 39.13U 123.2E 29.581 96.2E 999.99 999.9 29.5311 34.6E 39.1311 7.6E 54,781 23 .?W 63.83H 62.5U 63.591 73.2U LRTITUOE LOBGITUOE 

W CEHTRAL RLISKA SEA OF OKHOTSK IWDIA-CHIIIR BORDER REGION UNITE0 ARRB REPUBLIC HiJRTH ATLANTIC OCER1 HUDSON STRRIT REGION 
BERINC STRAIT WORTHEASTERR CHINR WESTERN MEOITEPRRNERN SER DRUIS STPRIT 

0.10 281.9 0.08 284.0 0.06 288 4 0.04 296.6 0.03 315.0 0.02 0 .0  0.04 63.4 0.06 71.6  0.08 76.0 0.10 78.7  SLOWESS RZIIIUTH 0.03 45.0 
9 .81  281.3 12.13 284.0 15.81 288.4 22.36 296.6 35.36 315.0 35.36 45.0 22.36 63.4 1 5 . 8 1  71.6 12.13 76.0 9 . 8 1  78.7 VELOCITY AZIIWTH 50.00 0 . 0  

19.90 281.3 25.86 284.0 57.60 288.4 84.99 296.6 999.99 315.0 999.99 0 .0  999 9 9  45.0 $4.99 63.4 57.60 71.6 25.66 76.0 19.90 78.7 OISTRNCE RZIIIUTH 
59.91N 156.1U 57.96N 167.2U 36.961 156.3E 16.62N 133.7E 999.99 999.9 999.99 999.9 999.99 999.9 16.6211 2.9W 36.961 25.5W 57.968 62 . lW 59.91H 73.1U LATITUDE LONGITUDE 

SOUTHERN RLIISKI HORTH PACIFIC OCERN RZORES ISLRHDS NORTHERH QUEBEC 
PRIBILOF ISLRWDS PHILIPPINE SEA ~IOBTHWEST nFRIcn LRBRRDOR 

0.10 270.0 0.08 270.0 0 .06  270.0 0.04 270.0 0 .02  270.0 
10.00 270.0 12.50 270.0 16.67 270.0 25 .OO 270 .O 50.00 270.0 
20.36 270.0 29.86 270.0 62.96 270.0 999 .99 270.0 999.99 270.0 
56.321 153.2Y 50.37Y 165.6U 23 .a98 168.7E 999.99 999.9 999.99 999.9 

KUOIRK ISLAND REGION ItORM PRCIFIC OCEllll 
ILEUTIAW ISLANDS REEiON 

0 . l 0  258.7 0.08 256.0 0.06 251.6 0.04 243.4 0 .03  225.0 
9 .81  258.7 12.13 256.0 15.81 251.6 22.36 243.4 35.36 225.0 

19.90 258.7 25.86 256.0 57.60 251.6 84.99 243.4 999.99 225.0 
53.491 148.6V 40.60N 154.2U 20.658 170.4U 7.495 178.6U 999.99 999.9 

SOUTH Of I L I S K I  NhWI lRN ISLINDS RE6108 
SOUTH OF IILASKI ELLICE ISLAWDS REGION 

999.99 999.9 999.99 999.9 999.99 999.9 23 .891 37.9U 50.37N 63.6U 
NORT:I ATLRRTIC JCERN 

EASTERN QUEBEC 

0.02 180.0 0.03 135.0 0.04 116.6 0.06 108.4 0 .06  104.0 
50.00 180.0 35.36 135.0 22.36 116.6 15 .81 108.4 12.13 104.0 

999.99 180 .O 999.99 135 .O 84.99 116.6 57.60 108.4 25.86 104.0 
999.99 999.9 999.99 999.9 7.49s 50.6U 20.661 55.8Y 48.608 75.OU 

WORTH ATLMTlC OCEIN 
BRAZIL SOUTHERN QUEBEC 

0.10 90.0 SLOWESS RZIIUTW 
10.00 90.0 VELOCITY eZIWJTH 
20.36 90.0 DISTRWCE RZI!QJTH 
56.328 76 .OU LATITUDE LOHCITUOE 

NORTHERH QUEBEC 

0.10 101.3 SLOMIESS AZIIIUTH 
9 .81  101.3 UELOCITY AZIHJTH 



TABLE C3 

YKA: PART 2 

0.11 248.2 0.09 243.4 0.07 236.3 0.06 225.0 0 .04  206.6 0.04 180.0 0.04 153.4 0.06 135.0 0.07 123.7 0.09 116.6 0.11 111.8 SLOWNESS AZIKUTH 
9.28 218.2 11.18 243.4 13.87 236.3 17.68 225.0 22.36 206.6 25.00 180.0 22 .36  153.4 17.68 135.3 13.87 123.7 11.18 116.6 9.28 111.8 UELOCITY AZIMUTH 

18.58 248.2 23.03 243.4 44.13 236.3 68.63 225.0 84.99 206.6 999.99 180.0 84 .99  153.4 65.63 135.0 44 13 123.7 23.03 116.6 18.58 111.8 DISTANCE AZlPNTH 
51.87tl 143.1W 47.4011 145.6W 27.31N 155.2W 0 . 9 8 1  155.811 19.785 142.8W 999.99 999.9 19 .78S 85 4W 0 9Stl 73.4W 27.311 i4.0W 4: .40H 83.6W 5 1  .E71 86.1W LATITUDE LONGITUDE 

SOUTH OF IILASKA NORTH PACIFIC OCEAN TUAMOTU ARCHIPELAGO REGION SOUTHEnST CEtlTRAL PACIFIC OCEAH OFF EAST COAST OF UHITED STATES OllTARIO 
SOUTH OF ALASKA LIRE ISLAMOS REGION COLOMBIA ONTAR 10 

0.12 239.0 0.10 233.1 0.08 225.0 0.07 213.7 0 . 0 6  198.4 0.06 180.0 0.06 161.6 0.07 146 3 0 .10  126.9 0.12 121.0 SLOWNESS AZllNTH 0 0 8  135.0 
8.57 239.0 10.00 2 3 3 . 1  11.79 225.0 13.87 213.7 15.81 198.4 16.67 180.0 1 5 8 1  161.6 13.87 146.3 10.00 126.9 8.57 121.0 VELOCITY AZIMUTH 11.79 135.0 

15.92 239.0 20.36 233.1  24 60 225.0 44.13 213.7 57 .60  198.4 62 96 180.0 57 60 161.6 44.13 146 3 24.60 135.0 20.36 126.9 15.92 121.0 DISTANCE AZIMUTH 
52.021 137.0V 47.3711 138.8W 42.161 137.9W 21.65N 139.1W 5 . 9 3 1  130.2W 0 635 114 6U 5 . 9 3 1  99.OW 2 1 6 5 t I  90.1W 42.161 91.3W 47.37t1 90.4W 52.0211 92.2W LAiITUOE LOUGINDE 

WEST OF URIICOUUER ISLAM0 WORTH PACIFIC OCEAN NORM PACIFIC OCEAN EaST CEHTRAL PACIFIC OCEAN IOVh ONTt?RIO 
WEST OF UARCOUUER ISLANO NORM PACIFIC OCEA11 EAST CENTRAL PACIFIC OCEdW YUCUTAN PEtlIWSJLI) MIUIIESOTR 

0.13 231.3 0 .11  225.0 0.10 216.9 0.09 206.6 0.08 194.0 0.08 166.0 0 .09  153.4 0.10 143 .l 0 . 1 1  135.0 0 . l 3  128.7 SLOWNESS A2I:IIITH 0.08 180.0 
. . . . . . . . . . . . . -. . . . .~ .~ - - -  - -  -~~ - -  - ~ ~ . ~  . . . . . . - . . . -~~ -~ ~. ~ ~ ~ - .  - ~ ~ .  . . . . . -. . . . - - - - - . . . . - - . .- . . . 

-1.08 231.3 17.16 225.0 20.36 216.9 23.03 206 6 25.86 194.0  29.86 180.0 25.86 166.0 23.03 153.4 20.36 143.1 17.16 135.0 -1 .OO 128.7 OISTARCE AZIMUTH 
63.1011 112.9V 48.7311 133.OW 44.71N 131.6W 40.934 128.OW 37.09II  l22.2W 32.6511 114.6W 37.09N 107.OW 40.93N 101 3W 44 . ? l #  97.6W 48 7311 96.2W 63.1011 116.3W LATITUDE LOWGITLtOE 

MORTHWEST TERRITORIES, CRNAOA OFF COAST OF OREGON CENTRAL CALIFORIIIA COLORADO SOUTH DAKOTA NORTHWEST TERRITORIES. CRtlAOA 
WEST OF UANCOUUER ISLllND OFF COAST OF NORTHERN CALIFORNIA W. ARIZONA-PKXICO BOROER REGION IIEBRASKA MINNESOTA 

0.14 225.0 0.13 218.7 0.12 211.0 0 .11  201.8 0.10 191.3 0.10 168.7 0 . 1 1  158.2 0.10 180.0 0.12 149.0 0.13 141.3 0.14 135.0 SLOWESS AZINUTH 
7.07 225.0 7 .81  218.7 8.57 211.0 9.28 201.8 9 . 8 1  191.3 10.00 180 .O 9 . 8 1  l 6 8  7 9 .28  158.2 8.57 149.0 7 . 8 1  141.3 7.07 135.0 UELOCITY AZIMUTH 

-1.00 225.0 -1.00 218.7 15.92 211.0 18.58 201.8 19.89 191.3 20.36 180.0 1S.58 158.2 15.92 149.0 -1.00 141.3 -1.00 135.0 OISTAMCE AZIMUTH 19.89 168.7 

* 63.19N 113.OW 63.261 113.2W 48.13N 126.8W 44.791 124.2W 42.871 119.8W 42.17tl 114.6W 42 ,8711 109.4W 44.79N 105.OW 48.13N 102-4W 63.261 116 .OW 63.191 116.2W LATITUDE LONGITUDE 
W ~ORTHWEST TERRITORIES, CAUADA UARCOUUER ISLIND REGIOH OREGON WYOMING NORTH OAKOTA NORTHWEST TERRITORIES, CA~IADA 

NORTHWEST TERRITORIES, CAWADA NEAR COAST OF OREGON WESTERN IDAHO WYOMItlG NORTHWEST TERRITORIES. CR1lOR 
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