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SUMMARY 1 

The relative size, M(I,J), of the seisAic signal recorded at 
station I from the Jth explosion at a particular firing site i s  assumed to 
be given by the equation 

where B(J) depends on the size of the explosion and S(1) i s  a station term 1 
dependent mainly on the distance of the Ith station from the firing site. 
M(1.J) i s  measured from seismic records and will usually be ii e r ror ;  1 
C (1,J) i s  the e r ro r  term. l 

A least squares program is'described for estimating: (I) B(J) and 
S(I), (2) the confidence limits on these quantities, and (3) the differences, 
and confidence limits on the differences, between all possible pairs of 

B($* 

Although written for a specific purpose the method i s  general and 
can be used to estimate any quantities that can be expressed a s  equations 
of the above type. 

1 .  INTRODUCTION 

A seismic event radiates elastic waves through the body of the 
earth. The relative amplitude of these waves a s  measured at distant 
recording stations will be determined by two main effects: (1) the size 
of the event, and (2) the distance of the recording station from the 
event. The recording instruments and the geology of the recording 
station and firing site will also have an effect but for explosions from 
the same firing site these effects will be constant. 

If M(I,J) is a measure of the size of the signal (defined a s  propor- 
tional to the log of the measured amplitude) for the Jth explosion at 
the Ith station, M(I,J) i s  given by the equation 

where B(J) depends on the seismic size of the explosion and S(I) i s  a 
station term dependent mainly on the distance of the Ith station from 
the firing site, but including any effects due to recording instruments 
and geology of the recording station. M(I,J) i s  measured from seismic 
records and will usually be in error;  E (1.4 i s  the e r ro r  term. 



The problem is to estimate (1) R(J) and S(I) (none of which a r e  
known), (2) the confidence limits of these quantities, and ( 3 )  the differences, 
and confidence limits on the differences, between the explosion terms.  
This report describes a computer program for solving t h i s  problem by 
lcast squares. The program was written by M r .  J. R. Young and is  
currently in use at Blacknest; it has been given the name 1,SM'F: - Least 
Squares Matrix Factorisation - for historical reasons. The program has 
dcvcloped from others designed to solve the same problem; all these 
hnvc been titled 1,SMF. This name has therefore been retained even 
though "least squares matrix factorisation" i s  not a very informative 
t itlc. 

Coilsider t explosions (fired at one test site) and r recording 
srations. For  every station that records one of these explosions there 
will be an equation of type (l). If all stations record all explosions this 
rcsults in rt equations. The system i s  apparently over-determined a s  
there a r e  only r + t unknowns; this however i s  not so. Each equation only 
defines S(I) + R(J); there a r e  no equations relating two o r  more station 
tcrms o r  two o r  more explosion terms.  There i s  then no unique solution; 
w!latever value is given to one station term, S(K) say, can be allowed for 
by adjustments to each of the remaining S(I) and B(J) - equation (I) can 
always be satisfied. 

Further assumptions must then be made. The simplest of these i s  
to give one station term a fixed value. A s  only the relative size of 
S(T) and R(J) a r e  really important, M(1,J) being a relative value, this 
would be acceptable except that confidence limits cannot be determined 
for the S(]) that i s  assigned the particular value. 

To overcome this difficulty equation (I) i s  rewritten a s  

where MI3AR is  a constant. A s  M(1,J) i s  a purely relative value, the 
addition of this constant does not materially affect the model. The 
further assumption i s  now made that ~ B ( J )  D 0 and $s(I) = 0 .  MBP.R 

can  be thought of a s  the size of the average explosion at the average 
scation; A(J) and S(I) then become corrections to this average for the 
particular explosion J and station I. 

If it is  assumed that the e r ro r s  &(I,J) a r e  normally distributed 
w i t h  zero mean and variancea2, this model i s  the same a s  the widely 
used analysis of variance model. 



3 .  THE ANALYSIS OF V A R I A N C E  APPROACH 

T h e  model desc r ibed  above i s  s imply that of a two way ana lys i s  of 
var iance .  T h e  da ta  displayed in the  usual  ana ly s i s  of va r i ance  table  
a r e :  - 

Now as ~ I ) = o  and P(J) = o and the  expectat ion of E (I,J)= 0, 

the  ave r age  of each  column is an e s t ima t e  of B(J) and t he  a v e r a g e  of 
e ach  row is an  e s t ima t e  of S@, T h e  mean  value  o v e r  a l l  M(I,S) g ives  
the value of MBAR. Substituting f o r  S(I), B(J) and MBAR in equation 
(2) g ives  the  e r r o r s  E(1,J); f r o m  t h e s e  e r r o r s  a2  can  be es t imated  and 
hence the  confidence l im i t s  obtained. 

Unfortunately th i s  method cannot be applied d i rec t ly  because  not 
all M(I,J) a r e  known - s ta t ions  of low sensi t iv i ty  fa i l  t o  r e co rd  t he  
s m a l l e r  events  and s o m e  r e c o r d s  a r e  s imply not available.    he method 
of least s q u a r e s  however does  not r equ i r e  that  a l l  M(I,J) b e  known. 

4. T H E M E T H O D O F L E A S T S Q U A R E S  

Consider  t he  equafion 

.... where  X, ...... X are independant va r iab les ;  al . a2, as..  a a r e  unknown 
n n 

coefficients, cal led the  r eg r e s s ion  coefficients, and y is the  dependent 
va r iab le  de te rmined  experimental ly.  Ideally a l ,  a 2  .... ..a can  be found 

n 
s imply by observ ing  n values  of y f o r  different  va lues  of t he  independent 
va r iab les  and solving the  resul t ing equations. 

Usually,  however, the  measu red  value  of y will be in e r r o r  and the  
p rob lem becomes  one of es t imat ing t he  mos t  probable  values  of al, 
a2 ...... a given m > n values  of y. T h i s  c an  be done us ing t he  pr inciple  

n 
of l e a s t  s q u a r e s  which s ta tes :  if E, , ...... E a r e  the  e r r o r s  in m 

n 



different equations of type (3) the most probable values of al,  az,  
2 2 ...... ...... a a can be found by making L 12 + E + E (i.e., the sum of 

3 n 2 m 
the squared errors)  a minimum, 

i l -- 3 0 f o r  .j = 1,n. 

Oa3 
If n = 2 and xl is held constant at 1 the problem reduces to the familiar 
f i t t ing of the "best" straight line. 

Suppose that the m equations of type (3) a r e  a s  follows:- 

These  e q u a t i o n s  a r e  c a l l e d  t h e  e q u a t i o n s  o f  c o n d i t i o n .  
2 

Now 2 ri . ( a  X + a  X * a  X + ...... a X - y l ) 2  
i 1 11 2 l e  S 1s n  i n  

+ ( a  X + a  X + a X ..... anxmn - y m ) 2  
1 m 1  e m 2  

2 
3 ms 

and - 2 { ( x  X + X  x  + x , , x s l +  ...... X 
a a  11 11 2 1  2 1  r n l ~ r n l ' ~ 1  

1 

+ ( X  X + X X * ...... X 
11 1 2  2 1  2 2  mlxm2)a. 

.... i . e . ,  a c ( x i 1 l 2  + a  ...... 
' i l x i 2  + a  = c X .  y . .  ( 4 )  

' i  i n f ' i l X i n  11 1 



T h e  p r o c e s s  of d e r i v i n g  equat ion  (4) i s  equiva len t  t o  mul t ip ly ing  e a c h  
equat ion  of condit ion by i t s  own coef f ic ien t  of a,; t h e  coef f ic ien t  of 
a ,  i n  equat ion (4) i s  then  t h e  s u m  of t h e  coe f f i c i en t s  of a .  in  t h e s e  new 

1 1 a 
1 equat ions .  S i m i l a r  equa t ions  a r e  obta ined  (equiva len t  t o  equating- 

3 a; 
J 

t o  z e r o  f o r  j = 2,n) by mul t ip ly ing  e a c h  equat ion  of condit ion by i t s  own 
coef f ic ien t  of a ,  and  s u m m i n g  coef f ic ien ts .  This p r o d u c e s  n equat ions ,  

1 
c a l l e d  t h e  n o r m a l  equat ions ,  with n unknowns.  In m a t r i x  f o r m  t h e  n o r m a l  
equa t ions  a r e  

Cx .  X .  . 
1 1  1 2  

Cx.  X .  . 
1 2  1 2  

L 

Cx.  y  
1 1  i 

Cxizy i  

Cxinyi - --L 

or XA = Y; t h e  X m a t r i x  be ing  s y m m e t r i c a l  about  t h e  d iagonal .  

T h e  n o r m a l  equa t ions  c a n  usua l ly  be so lved  uniquely .  Any of  t h e  
u s u a l  m e t h o d s  c a n  be used ,  b u t  o n e  method,  m a t r i x  i nve r s ion ,  h a s  
a d v a n t a g e s  i f  t h e  conf idence  l i m i t s  of t h e  unknowns are r e q u i r e d .  M a t r i x  
i n v e r s i o n  is t h e r e f o r e  u s e d  in  t h e  L S M F  p r o g r a m .  

X a n d  

If t h e  i n v e r s e  of m a t r i x  X is t h e  I; S . . .  1 
. . . .  

. . . .  
n 'nn 

C are  r e l a t e d  by t h e  equat ion  

m a t r i x  C 



7.he elements of the inverse matrix can be found by expanding to give a 
ser ies  of linear equations. 

J'hus. the result of multiplying the X matrix by the vth row of the 
inverse matrix (see also Appendix A) i s  

Solving this set of equations for cvl . c v a ....... c vn gives the elements 

of the vth row of the inverse matrix, 

Multiplying equation (5) by C gives 



each of the elements of the matrix can then be evaluated a s  both C and 'u' 
a r e  known. The part played by the inverse matrix in  cictcrmining thc 
confidence limits will be discussed in the next section. 

Equation (2) can be put in a form similar  to equation (3)  n s  follows:- 

M(I,J)= 1 MRAR + 0 S(1) + ...... 1 S(T) + ...... 0 S(r) + 

M(I,J) i s  now equivalent to y, the dependent variable, MP,AK to S(I) 
and R(J) to the remaining a ' s  up to a and the independent variables a r e  n 

al l  either 1 to 0 .  

r t 
T o  include the assumptions C S(I) o and zB(J) = o two further 

I J 
equations of conditions have to be added: 

...... ...... 0 = 0 MBAR + 1 S(1) + 1 S(2) + 1 S(1) + 1 S ( r )  

...... ...... 0 = 0 MRAR + 0 S(1) + 0 S(2) + 0 S(J) + 0 S(r) 

Using these equations of condition the normal equations can be derived 
in exactly the same way a s  described above. 

A s  an example consider the following se t  of equations of condition: 



In this example it i s  assumed that station S(2) did not record explosion 

fY2) 

Multiplying each equation of condition by its own coefficient of 
S(1) and summing coefficients gives the first normal equation 

4 S(1) + S(2) + 1 S(3) + 1 B(1) + 1 B(2) + 1 B(3) + 3 MBAR m 10.0. 

Multiplying each equation of condition by its own coefficient of S(2) and 
summing gives 

similar normal equations can be obtained for S(3), B(l), B(2), B(3) and 
MRAR.  

In matrix form the equations a r e  
C l 

S(l) 

S(*) 

s(3) 

B( 1) 

BP) 

B(3) 

MBAR 
C 4 

A series of linear equations has a unique solution if the determinant of 
the coefficients of the unknowns i s  not zero. The determinant of the 
matrix of coefficients in equation (9) i s  non-zero, but if equation (1) i s  

10 



used as  the model it can easily be shown that the determinant of 
coefficients is  zero. Thus, the normal equations now become 

Adding row 2 and 3 to row 1 and rows 5 and 6 to row 4 makes the new 
rows 1 and 4 identical. Subtracting row 4 from row 1 makes all row 1 . 
zero; hence the determinant is  zero. This i s  true of any matrix based 
on equation (1). 

5. CONFIDENCE LIMITS 

Estimates of the regression coefficients can be found by solving 
the normal equations. A s  a measure of the reliability of these estimates 
it i s  useful to compute the limits, called confidence limits, of the range 
within which the true value of the regression coefficients can be expected 
to lie with a given probability. The smaller  this range turns out to be 
the more reliable a r e  the estimates. 

Consider the simple case of a random variable normally 
distributed with variance u 2  and mean E, then it i s  easily shown that 
any item picked at random from such a population will lie between 

+ 1.960 and E - 1 .g06 (or in words within roughly two standard 
deviations of the mean) with a 95% ~ r o b a b i l i t ~ ,  i.e., 19 times in 20. 

Confidence limits a r e  arrived at in a similar way; the main 
difference is  that E and U a r e  not known and have to be estimated. 

* 

The estimates of the regression coefficients a r e  analogous to the 
mean in the above simple example. To estimate the variance requires 
a more detailed study of equation (8). Expanding equation (8) 



m m m 
= C I 1  f. X i l Y i  ' C , ,  f X i 2 Y i  + G i n  X i n Y i  

i 
1 

R e a r r a n g i n g  ( 10) 
m 

a v  = C yi C C  . X .  
v 1  11. + C v z X i z  + . . . . 

i ' v n x i n J  

w h i c h  shows t h a t  a v  i s  a  l i n e a r  f u n c t i o n  o f  yi .  

NO-N the quantity in square brackets in equation (1 I) is solely a function 
of the independent variables and can be represented by a single quantity, 
say kVi. 

Then 
m 

and (using equation (B3), Appendix B) 

where V[a ] is understood to mean the variance of ay and uP is the 
variance of y., i.e., the variance of the e r ro r s  r. .  It can also be shown 

l 1 

that, because a i s  a linear function of y. which is normally distributed, 
v 1 

a will also be normally distributed 1 7 .  
V 

Now o2  i s  not known, so  V [ a,] cannot be determined. An estimate 
of cr2, s2  say, can however be obtained. Thus, 

where m is the number of equations of condition and n i s  the number of 
- -  - ---- - 

1.  K. A. Brownlee: (1965) "Statistical Theory and Methodology in 
Science and Engineering". John Wiley and Sons Incorporated, New 
York. 



unknowns (regression coefficients). The quantity m - n i s  called 
the number of degrees of freedom. An estimate of the e r ro r s  E' i s  obtained 

1 

by substituting the regression coefficients in the equations of condition. 
m 

A s  a, i s  normally distributed with variance s2 X k2 , the 95% 
m i vi 

confidence limits should then be aV k 1.96 Js2z k2 .   his i s  only true if 
i vi 

the degrees of freedom D i s  very large. For  small D, s2  i s  a less  reliable 
estimate of a2; to allow for this the confidence limits become av k t 
I m 

Js Z k2 , where t (called Students t) depends on the degrees of freedom 
i vi 

and is  > 1.96. (Tables of Students t for various degrees of freedom and 
level of probability a r e  given in most books on statistics.) 

m 
To determine the confidence limits 2 k2 must be evaluated. At 

i vi 
f irst  sight this appears a formidable task; it can however be shown that 
m 
C k2 is  simply cV v ; the v th diagonal element in the inverted matrix. 
i vi 

This can be demonstrated a s  follows:- 

Considering now only the c term of the right hand side, 
v h 

. S . .  c vn Xx inx ih lW 

When h = v the quantity in the square brackets i s  identical to the left 
hand side of an equation formed by multiplying the vth row of the C 
matrix by the vth column of the X matrix; from (6) this i s  equal to 1. 
Fo r  h # v the quantity in square brackets i s  identical to the left hand 
side of one of the other equations (6); the right hand side of all these 
equations i s  zero. 

m 
Thus ,  Z k 2  c , the vth diagonal element of the inverted matrix. 

i vi v v 

and V[a 1 = c s2 ;  it i s  because of this that matrix inversion i s  used 
3' W v for solving the normal equations. 

1 3  



To get the confidence limits on the difference of two a's, a, and a t  the 
variance on the difference i s  required, i.e.. V [ a ,  - a",, 1. Now 
V [ a v  - a:] = V  [ a v ]  + V [ a '  1- 2 COV [av,  a t ] ,  where Cov[av, a ' ]  i s  
;he covariance of a,, a{ (fo: proof see Appendix B). Ay an analisis 
similar to that given for V [ a v ]  it can be shown that 

Cov [a,, a{ l = s2c tV  

i.e., the product of the variance of the e r ro r s  and the element of the 
inverse matrix that lies at the intersection of the vth row and the vth 
column (or vice versa - the two elements c , , and c,,, a re  equal because 

vv 
the inverse matrix is also symmetrical). 

?'he variance of the differences of two a ' s  is  then given by 

The 95% confidence limits of aV - a: is  then 4-. 
Coilfidence limits on MUAR, S(l), B(J) and on the differences 

between each pair of explosion terms (B(J's)), a r e  calculated by the 
methods outlined above. A s  the M(1,S)'s a re  only relative values the 
confidence limits on the absolute values of MBAR, S(1) and B(J) have 
little meaning. The confidence limits on the differences of the explosion 
terms a re  however valuable a s  they a re  confidence limits on the 
absolute differences between the seismic sizes of pairs of explosions. 

6. WEIGHTING 

So far  it has beenassumed that the er rors  in the dependent variables 
all have the same variance aa. This may not be so; some measurements 
may be known with greater (absolute) accuracy. To get the best eetimate 
of the regression coefficients, i.e. the one with minimum variance, each 

1 
equation of condition should be weighted by a factor J w ,  where W =  1 

"i 
U? is  the variance of the irh measurement (for a discussion of weighting 

l 

see reference [l]). A facility for weighting any equation of condition 
has therefore been included in the LSMF program, although a? will 

1 

usually be difficult to estimate. 

7. THE PROGRAM 

The program will accept data for up to 60 explosions recorded at 
a maximum of 200 stations. Thk input to the program is:- 

(1) Students t tables for the 95% probability level. 

(2) A title for the data being processed and any number of 
comment cards. 

1. E. Whittaker and G. Robinson: (1944) "The Calculus of Observations: 
A Treatise on Numerical Mathematics". Fourth Edition, Blackie, 
London and Glasgow 



( 3, An identification code for each station. 

(4) An identification code for each explosion. 

F )  Cards with station code, event code, M(1,S) and the 
weight to be assigned to M(1,J). If the weight i s  left blank it 
i s  taken to be unity. 

The matrix of coefficients of the normal equations (the X matrix) 
a r e  then set up. This could be done as  outlined in Section 4, i.e., by 
setting up all the equations of condition then multiplying each equation 
by the coefficient of each unknown in turn and summing. This would need 
a large amount of storage space in the machine to little purpose a s  most 
of the terms in the equations of condition a r e  zero (cf, the example given 
in Section 4). A method of constructing the matrix of coefficients directly 
has therefore been devised. A s  a result of this a f a r  larger number of 
unknowns (260) can be handled by the program than would be possible 
if the equations of condition had to be stored in their entirety. 

The X rnatrix is  set up a s  follows: f irst  the whole matrix i s  
zeroed. Each non-zero element of the X matrix i s  now computed from 
the input data and stored in i ts  appropriate place in the matrix. A s  
the resultant matrix i s  symmetrical about the diagonal only the upper 
triangular matrix and the diagonal elements have to be computed. The 
upper triangular elements, X. . ,  a re  then repeated in the lower triangular 

11 
position X . .  . For  the purposes of construction the matrix can be divided 

11 
into 7 (see Figure 1). The equivalent 7 parts a r e  shown in dotted 
outline in equation (9)). I 

If t i s  the number of explosions read in and r the number of 
stations, part 1 i s  an r X r matrix, part 3 a t X t matrix, parts 2 and 4 a r e  
r X t matrices, part 2 having t columns and r rows and part 4, r columns 
and t rows, parts 5 and 6 a r e  (r + t) X 1 matrices and part 7 i s  a single 
element. 

15 



Matrix 2 i s  constructed first.  The first element in the first row 
of this matrix i s  unity if S(1) is  recorded at station B(l), the second 
element is  unity if S(1) recorded B(2) and so on to H(t). Silnilarly in 
the second row the f irst  element is  unity if S(2) recorded R(l), the 
second element if S(2) recorded B(2) and so on. Rows 3 ,  4, . . . . t 
of matrix 2 a r e  constructed in a similar way. Matrix 4 is now constructed 
by reflecting matrix 2 in the diagonal. 

The diagonal elements of matrix I a r e  now formed by summing the 
corresponding row of matrix 2 and the diagonal elements of matrix 3 by 
summing the corresponding rows of matrix 4. The diagonal elements 
of 1 and 3 a re  now repeated in order in the column matrix 5 and the row 
matrix 6. Element 7 i s  half the sum of the elements in the column 
matrix 5. Finally 1 i s  added to each element of matrices 1 and 3.  

The above somewhat involved process produces the correct 
matrix of normal equations with (r + t + 1)aelements. 

The f irst  element of the right hand side of equation (5) i s  formed 
by summing all M(1,J) (it i s  assumed that M(I,J)= o if station I did not 
record explosion J), the second element by summing all M(2,J) and so 
on. Element r of the right hand side is  then M(r,J). Element r + I 

i s  F M(I, I) element r + 2 i s x  M(1,Z) and so on. Element r + t + 1 i s  
I 

J) 
I J 

The setting up of the normal equations has been described assuming 
all  the data were to be given equal weight. If the weights a r e  not unity 
(but W) the elements of parts 2 and 4 of the matrix a r e  now replaced by 
the weights, W, and the setting up of the matrix then proceeds a s  before. 

To  take account of weighting when setting up the right hand side 
of equation (5) each M(1,J) i s  multiplied by i ts  weight and then summed 
a s  before. 

The matrix of the coefficients of the normal equations i s  now 
inverted using a subroutine from the Harwell Program Library (No. 
MBolA). This subroutine uses the so called triangular decomposition 
method of matrix inversion C 11 . 

Both the original matrix and the inverted matrix a r e  stored 
on disk. 

Using the inverted matrix S(I), B(J) and MBAR a r e  computed. 
Subtracting these values from the original M(I,J) gives the e r r o r  
t e rm e(1.J) and hence sa the estimate of the variance of the e r r o r s  
can be found. From s 2  and the elements of the inverted matrix the 

p- 

l .  HMSO: (1961) "Modern Computing Methods". National Physical 
Laboratory. HMSO, London 

16 



confidence limits on S(I), B(J) and MBAR and on the differences 
between pairs of B(J) a re  computed. 

The output from the program is:- 

(1) Tables showing stations and events used and input data, 
M(I,J), with weights. 

(2) Tables showing the residuals e(1,J). 

(3) Tables showing best estimates of S(I), B(J) an MBAR their 
variances and 95% confidence limits. 

(4) Tables showing differences between each pair of B(J) and the 
95% confidence limits of these differences. 

(5) Table showing variables used in the calculations. 

Although the program described here has been wri t ten  to solve a 
particular problem the program could equally well be used for any problem 
that can be expressed in  terms of the model given in Section 2; this is 
the familiar two way analysis of variance model. 

To carry out a two way analysis of variance using the usual 
techniques the values of all the elements in the analysis of variance 
table must be known (one o r  two missing values can be tolerated). No 
such restriction applies to this program. 



APPENDIX A 

MATRICES AND MATRIX INVERSION 

A matrix i s  an array of numbers of the form 

Unlike determina: s matrices cannot be evaluated to give a eingle 
value. They can however be represented by a single quantity, oay A, 
and a s  such used in many algebraic operations just a s  if A were a single 
number. 

F o r  example the addition of the matrices A and B means summing 
corresponding elements of the two matrices. Thus if 

and 

Multiplication of two matrices is more complicated. Thus, 



Each element of the new matrix i s  formed by multiplying each 
element in a row of the f i r s t  matrix by the corresponding element in the 
column of the second matrix and summing. F o r  multiplication to be 
possible the second matrix (matrix R) must have the same number of 
rows a s  the f i r s t  matrix has columns. 

Matrices find their widest application in the solution of l inear  
equations. 

Consider the equations 
a X + a  X + a  X . . .  I 
11 i 1 2  2 13 3 a l n X n  Y i 

a X + a  X + a  X - . . .  
21 1 22 2  23 3 a 2 n X n  - Y2 

. . . . (  A I )  

These equations can be represented in matrix for  a s  

Strictly the t e r m  matrix i s  applied only to A; the column matr ices  
X and y a r e  called vectors. 

The solution of (A2) can be represented symbolically a s  

-1 
X =  A y, ...... (A3) 

where A-' i s  called the inverse matrix of A. 

Now just a s  in ordinary algebra 

s o  a unit matrix I can be defined such that 

AA-'  = I, 
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all the elements of I a r e  zero except the diagonal elements which a re  
unity. Operating on a matrix with I leaves the matrix unchanged, 
i.e., AI  = A. 

Equation (A4) provides a way of determining A-'. Let C . .  be the element 
of the inverse matrix: then writing out (A4) in full l J  

Carrying out the multiplication of the left hand side. The result of 
multiplying the a . .  matrix by the first column of the C matrix i s  

'1 

This group of n equations has n unknowns c C . c  
i i * C 2 i  a1 ni ' 

the elements of the first column of the C matrix, c S cZ1 S . . C nl can 

therefore be obtained by solving this set of equations. 



A similar  group of equations can be obtained by multiplying the X 
matrix and the second column of the C matrix. The e len~en ts  in  each 
column of the C matrix can therefore be evaluated in turn; t h i s  resul ts  
in the inverse matrix. 

The right hand side of equation (A2) can then be operated on with 
the inverse matrix to give X a s  shown in equation (A3). 

Writing out (A31 in full 

A s  the c ' s  a r e  known and the y ' s  a r e  known the equations (A5) give 

X 2  
..., X the solutions of (AI) .  

n 

Shorter methods of solving linear equations a r e  available, e.g., 
Gaussian elimination but matrix inversion has advantages if several  s e t s  
of equations have to be solved with the same left hand side but different 
right hand side. Once the inverse of a particular left hand side has been 
computed it can be used to solve any number of se ts  of equations simply 
by operating on the y matrices.    not her advantage of the inverse matrix 
i s  that it allows the confidence limits of the unknowns to be computed 
easily in least squares problems (see Section 5). 



APPENDIX B 

SOME STATISTICAL CONCEPTS AND PROOFS 

B1. EXPECTATION 

The expectation of a random variable X, usually written E [X] ,  i s  
defined a s  

E [XI - lxp(x)dx, 
r 00 

where p(x) i s  the probability that the random variable will take the 
particular value X. The  expectation corresponds to the mean of the 
whole population of X. Means determined from a se t  of sample values 
of X will not usually coincide with E[X] but will' approach E[X] a s  the 
sample s ize  increases.  

The expectation of a constant i s  the constant, since the consr'ant 
can take only one value. The expectation of an expected value, E [E[X] 1, 
i s  simply E [X] since E[X] i s  a constant and a s  shown above this  
only has one value. 

B2. VARIANCE 

Variance measures the spread of a distribution and can be  defined 
on t e rms  of expectation thus, 

o r  in words the variance i s  the expected value (average value) of the 
squared deviation of a random variable from i t s  expectation. 

An alternative form of (B1) i s  

If a and b a r e  constants the variance of a l inear  function of 
X,  say a + bX, is 



If Z i s  the difference of two random variables X and Y, i.e., Z X - Y 

~ [ z ]  = E [ z ~ ]  - ( E [ z ~ ) '  u s i n g  ( B 2 1  

= E [ ( X  - Y ) 1 2  - ( E [ X  - yI12 

; E [ ( ~ 2  - xy t y 2 ) ]  - ( E [ x ] ) ~  + ~ E [ x I E L Y I  

- ( E [ Y ] ) '  

= E [ x ] ~  - ( E [ x ] ) ~  E [ y 2 1  - ( E [ Y ] ) ~  

- ~ ( E [ x  Y ]  - E  [ x ] E [ Y ] )  

= v[xl  t v[yl  - 2 Cov [x,yI'. 

Cov [X,Y ] is called the covariance of X and Y and is defined a s  E [XY] - 
E[XI ELY]* 

The results given above can be generalised for any linear combination 
of random variables. Thus, if 

n  nn 
V ( Z )  = C a ! ~  [xi ]  f ZZ a . a  Cov [ x i , X . ]  

i i j 1 j J 

If the random variables a re  uncorrelated their covariances a r e  zero. 
. If also V [X. 1 is constant and .equal to u 2  for all i then 

1 



APPENDIX C 
PROGRAM LISTING 

JOIO LSMF PROGRAM 
T V ? R r C O M P I L G O t F 4  
SU8TVCRe F 1OD 

9100I 01SR 
R N 0  
I U I T V P ~ ~ F O R T R A N ~ L M A P , L S T R A P  

Cb(l((W D A t C ~ ~ A D l 9 l ~ N U ( I ( b O l r A W T l b ~ l ~ N , N R ~ D I S K ~  
1 I I ( R A N c C L M ~ V A R M ~ R S Q D ~ R 8 A R * I S T A N ~ S T A N  

COMMON / M T R C t S /  A ( 2 b 1 ~ 2 6 1 ) , B l 2 b I l *  P ( b O t 2 O O )  
c e ~ ~ ~ n  /ann~va/ x t ~ ~ 1 ~ , v ~ ~ o ~ , ~ ~ s ~ 2 o o ~ , m ~ t ~ o ~ , ~ c ~ o 1 ~ ,  
I t L X t 2 d 1 ~ . C L V I 6 0 1 . Y A R X 1 ~ 1 1 a Y A R V 1 6 0 1  

. . . ..- . 
I W t l a m  D I S K  

C A L L  COUMP 
;ULL SDATEf  OAT E 1 

READ STUDENTS T T A B L E  
M A O  409.  f S T l l ) i l * l * S 1 )  
P R I N T  4 0 9 1  l S T l  lit l - l , 5 ? )  
FORMAT4 1 x 1  ISF5 .2 )  
READ 4 0 4  
P R I N T  4 0 4  
)O(l~AT(~~H------------------------------------------------, 

C A L L  LSMF 
l E  T URN 
END 

SUBTVPE,FORTRAN~LMAPICSTRAP 
L E A S T  SQUARES M A T R I X  F A C T O R I S A T I O N  PROGRAM f L S M F I  

T n l s  PROGRAM SEPARATES THE MEASURED MAGNITUDES OF EXPLOSIONS 
I N T O  THREE Q U A N T I T I E S  7- AN E X P L O S l O N  TERM* A S T A T I O N  TERM AND A 
MEAN EXPLOSION-STATION TERM. IT IS ASSUMED T n A t  m e  MAGNITUDE, 
M 1 1 , J l c  OF THE J T H  E X P L O S I O N  A T  THE I T M  S T A T l O N  C I N  OE REPRESENTED 
BY T H E  EQUATION -- 

Y H E R ~  $ ( I )  1s T n e  S T A T I O N  CORRECTIONc B l J l  T M  E x P L O S ~ O N  TERM* 
MBAR THE MEAN EXPLOSION-STATION TERM A N 0  E l 1 * J l  I S  AN ERROR. 

S ( [ ) *  B ( J )  ~ N D  MBAR &RE ESTIMATED BY LEAST saumts. TO DO tnls 
IT IS NECESSARV TO MAKE THE F u R T n E R  ASSUMPTIONS THAT r n E  SUM S ~ I I  
I S  ZERO AND THE SUM B l J l  I S  ZERO* OTHERWISE THE PROBLEM CANNOT 
BE SOLVED. 

THE PROGRAM ALSO DETERMINES THE CONFIDENCE L I M I T S  ON S ( 1 ) ,  8 l J )  
AND MBAR A N 0  THE CONFIOENCE L I M I T S  ON THE D I F F E R E N C E S  BETWEEN EACH 
P A I R  OF EXPLOSIONS -- ASSUMING THE ERRORS E l I v J I  ARE NORMALLY 
O lSTR1BUTED.  

E S S E N T I A L L Y  THE PROGRAM C A R R I E S  OUT A TWO WAY A N A L Y S I S  OF VARIANCE. 
I F  A L L  S T A T I O N S  RECORO A L L  RXPLOSIONS THE 

PROBLEM TO BE SOLVED IS IDENTICAL TO TMAT or t n E  A N A L Y S I ~  or 
V A R I A N C E  AND COULD B €  TREATED A S  SUCH. T H I S  PROGRAM HOYEVER CAN 
ALSO HANDLE THE S l T U A T I O N  WHERE THE DATA I S  INCOMPLETE 1. E. SOME 
U A T I O N S  F A I L  TO RECORO A L L  E X P L O S I O N S  -- T H I S  CANNOT BE DEALT 
WTH BV THE USUAL ANALYSIS OF VARIANCE T c c w t o u E s .  

ALTMOUGH THE PROGRAM WAS BEEN w r u r E n  TO SOLVE A PARTICULAR 
PROBLEM THE METHOO I S  GENERAL AND THE PR00RAM CAN B €  USED TO SOLVE 
hNY PROBLEM THAT CAN B E  EXPRESSED AS A S E R I E S  O f  EOUATIOYS OF 
TV?€  I l l .  

FOR D E T A I L S  OF A Y A L V S I S  OF VARIANCE TECIIFJIQUES SEE I)ROWNLEE K.A 
S T A T l S T f C A L  THEORY AND METHOOOLOGV I N  SCIENCE AND E Y G l N E E R l Y G t  AND 

m 



C KEMPTHORNE 0. THE D E S I G N  A' iO A N A L Y S I )  OF EXPERIP'LYTS. bCTt1  kOOKS 
C I R E  P U B L I S H E D  I N  THE W l L E Y  S E R I E S  I r l  S T A T I S T I C S .  
c 
c ........................................................................ ........................................................................ 
c 
C NON-STANDARD L  I B R A R Y  SOBPROCRAMS U S E 0  
C 
C EDUMP DUMP R O U T I N E  
c SOATE D A T E  I N  A L P H A N U M E H I C  FORM DO/MM/YY 
C S E C C L K  P I C K S  U P  SECOYDS CLOCK R E A D I N G  
C E X I T  R O U T I N E  TO BRANCH BACK TO M A C H I Y E  CONTROL 
c 
C****...*..*..................*oooooooooooooooooooooooooooooooo*oaoaoooo 

C 
C V A R I A B L E S  U S E D  
C 

C A  
C  8 
C C 
C  X  
C  V 
c C L X  
c C L Y  
C  VARX 
c VARY 

I S  THE M A T R I X  
I S  T H E  SUM OF MEASURED M A G N I T U D E S  
I S  T H E  D I A G O N A L  OF THE I N V E R T E D  M A T R I X  
ARRAY C O N T A I N S  S T A T I O N  ( F O L L O W E D  BY . E V E N T )  C O R R E C T I O Y S  
ARRAY C O N T A I N S  E V E N T  C O R R E C T I O N S  
C O N F I D E N C E  L I M I T S  OF X  
C O N F I D E N C E  L I M I T S  OF Y  
V A R I A N C E  O F  X  
V A R I A N C E  O F  Y  

C 

C N S T  = T O T A L  NUMBER OF S T A T I O N S  
C N B T  = T O T A L  NUMBER OF E V E N T S  
C N R  = T O T A L  NUMBER OF R E A D I N G S  
C NRS = NUMRER O F  E V E N T S  PER S T A T I O N  
C NRB = YUMREH OF S T A T I O Y S  PER E V E N T  
C N S  = S T A T I O N  COUNT 
C N B  = EVENT COUYT 
C J = COLUMN COUNT 
C I = HOW COUNT 
C N  = S I Z E  OF M A T H I X  
c 
C MAXIMUM NUMBER O F  S T A T I O Y S  = 2 0 0  
C  MAXIMUM NUMBER OF k V E Y T S  = 6 0  
c 
c ........................................................................ 
~ ~ o o r o o o ~ o o o o o o o o o o o o o o o o r o ~ ~ o o o o o o o o o o o o o o o ~ ~ o + o o o + o o ~ ~ ~ o + o o o o o o o o o o o + o  

I 
c 
C T H E  O A T A  DECK SHOULD BE MADE UP A S  FOLLOWS -- 
c 
C 1 )  H E A D I N G  CARD W H I C H  W I L L  B E  R E P R l N T k D  A T  T H E  T O P  OF E A C H  PAGE 
C PUNCH THE F I R S T  7 2  COLUMNS O N L Y  C O L S . 7 3 - 8 0  FOR C O N T I W A T I O N  COUNT 
C FOLLOWED t lY  A*IY NUMBER OF COMMENT CARDS 
C T I L L  A ZERO I S  ENCOUNTERED I N  THE L A S T  COLUMN 
L 
C 2 )  S T A T I O N S  I N  ORDER R E Q U I R E D  I N  M A T R I X  
C  S T A T I O N  CARDS ARE REAOY-PUNCHED 
C FOLOWED B Y  END S T A T I O N S  CARD 
C 
C  ? )  t V E N T  CODES I N  ORDER R E Q U I R E D  I N  M A T R I X  
C  EVENT CODE l 8  CHARS.) - S T A R T  P U N C H I N G  I N  COLUMY 7  
C  E V E N T  D A T A  AND COMMENTS - S T A R T  P U N C H I N G  I N  COLUMN 2 0  
C  FOLLOWED BY E'ID E V E N T S  CARD 
L 
C 4 )  M A G N I T U D E  OATA 
C S T A T I O N  CODE COLUMNS 2 - 6  
C  EVENT CODE COLUMYS 7 - 1 4  
C  M A G N I T U D L  D E C I M A L  P O I N T  l. ) I N  COLUMY 2 0  13  D P I  
C  W E I G H T I N G  FACTOR I N  COLUMN 3 0  
C  I F  W E I G H T I N G  FACTOR ZERO ASSUMED TO B E  1  
C  FOLLOWED DV END M A G N I T U D E S  C A R D  
C 

C O P T I O N  I F  T H I S  L A S T  CARD I S  B L A N K  NO C O M P U T A T I O N  W I L L  B E  DONE 
C A Y 0  ONLY THE I N P U T  D A T A  P R I N T E D  
C 
C T P E  M A G N I T U D E  D A T A  H I L L  B E  R E A D  I N  F A S T E R  I F  ARRANGED I N  S T A T I O N  CRDER 
C 
C  5 )  END O F  J O B  CARD FOR NORMAL E N D  OF J O B  
C NORMAL END @ F  J O B  W I L L  A L S O  OCCUR I F  N 0 , M O R E  D A T A  
c 
C R E P E A T  1 1  TO 4 1  F O R  ANY VUMBER OF M A T R I C E S  

L 
C T H t  I N F O R M A T I O N  I S  P R I ' I T E D  A S  FOLLOWS -- 
c 
C TACbLE 1  SETUP D A T A  
C T A B L E  1 .  I S T A T I O N S  ( U P  TO 5 P A G E S )  
C  T A b L E  1.2 E V t N T S  ( U P  TO 2  P A G E S )  
c 
C T A R L E  2  I U P I I T  M A T R I X  W I T H  W E I G H T S  
C PRINTS ALL  S T A T I O > J S  W I T ~ I  E V ~ Y T S  IN S E T S  OF 10  ( U P  T O  3 0  P A G E S )  
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L 
C  TAl:LE '3 M A T R I X  C I  h k \ I I ' U A L S  O F  P A G ' r l  T \JUES 
c pt. I ' I T ~ L I  A S  IAI;I ! 2 T R I I ~  K ~ : I U U A L S  A R E  STAHH'L '  ( U P  T O  30 P A G E S )  
C  
C  T A I ! L ~  4 APISC'ENS 
C T A ~ ~ L F  11.  I S T ~ T  lnu C U H R L L T I O ‘ ~ ~  b  I T H  95 P E R C E ' I T  L O t l F I O f k l L E  L I M I T S  
C PI< [PIT: O l i T  C 0 M l ) l l l  t IJ V A L b L  3 1  5 T A k S  L M A L L L S T  V A L U E ,  
C k U K [ t f . K  II,i t A C t i  R O U  O F  R E 5 1 [ l U A L S ,  
C  V ; I":dt.t . tT  LO' IF  I l l f ' l C E  L  I P l  1 s t  AIVO V A H l A : i L F  
L ( U P  TO 5 P A G E S )  
C  IADLI: 4.: l\E:T F S T l M A r F  O F  M A 5 U I T U I ) E S  W I T H  9 5  P E R C E Y T  C O N F I L l E 1 I C t  
C  l 'R I'll l l l J T  L U M P U T E I I  V A L I J t S ,  I ( L I M I T S  
C  NUHI)! K I \( C A L H  (.OLUM:I O F  R E S I D U A L S ,  
C 95 P f  K L r v T  L O h J F I D t ~ i L t  L I M I T S ,  A N D  V A R I A N C E  
L ( U P  T O  2 P A G E S )  
C  
C  T A l i ~ t  5 T K  I A  I C I I L A K  MAT), I X  O F  G l F F k R F N C E S  O F  M A G N I T l l D E S  
C  P l ( l f l T 5  O U T  I ) I r I F & E \ I C E 5  W I T H  95  P E R C E N T  C O N F I U E N C E  L I M I T S  
C  ( U P  T O  4 2  P A G E S 1  
L 
C  T A l \ l  F (J V A K I A O L I  < l J S t n  l l U R l b l G  I H C  L O M P U T A T I O N  l I P A G t  1  
C  
C * * * * * * * * * 4 * * 4 4 . * 4 ~ * 4 * * * * 4 4 * * * * * * * * * * * * ~ * b * * * * + O * ~ ~ ~ ~ ~ ~ 4 * ~ ~ ~ ~ O ~ ~ ~ b ~ ~ O ~ O O  

C  
C  

SLJHUOIJT l r l t  L S P  F 
C O M M O I  D A T t ~ ~ E A l ) ( Y l ~ Y U ~ ~ ( 6 0 ) 1 A H T l h O )  ~ N I V R ~ U I S K ,  

1 X M t A V , C L M ~ V A H M l R S 4 D ~ P P H A R l I S T A N , S T A N  
COMMOY / M T H C r 5 /  A I  ' 6 1 , 2 6 1  ) , B 1 2 6 1  1, P I  6 0 , 2 0 0 )  
L O I ' M O I ~  / A R H A Y S /  X ( ? b l  I V Y (  6 0 )  1 N H S 1 2 5 0 )  , Y R B I b O I  , D ( 2 6 l l  9 

1  L ~ X ~ ~ ~ ~ ~ ~ C L Y ~ ~ ~ ~ ~ V A R X ~ ~ ~ ~ ~ I V A R Y ~ ~ O )  
LOMMO'V / L O I I E S /  S T ' l ( 2 0 0 l  e S N A M E p Y S T t  t V t N T l 6 0 )  t E C O D E t N B T  
COMMON / S T U O T /  S T ( 5 7 )  I T, I n F t P l D F  
I N T L G ~ R  n i s Y  

C  
C A T 4  E b I l l l  OHFPIL) M  1 ,  B L A N K (  8H ) 

C  
C  R E A O  H C A D I Y G  C A R D  A N D  ANY C O M M E N T S  

1 0  CALL  s c c c L r  ( 1 5 )  
L A L L  H t A O E U  

C  Z E R O  M A T R I C E S  
23 UO 4 0  J = l , ? h l  

DO 3U 1 = 1 , ? 6 1  
A (  1 , J ) - 0 .  

3 0  C O N T  I U U C  

R I  J )=I). 
CObIT I N U E  
U 0  6 0  J =  1 , 7 0 0  
on 5 0  I=I,~O 
P (  1 t J ) s I n O O .  
C C ? l T  I V U F .  
N H S 1  J )=Q 
C O N T  I V U E  
DO 7 u  I = l , b O  
N U B 1  l ) = 0  
C O N T  l N U E  

N R = O  
N S =  l 
["I= l 
R E A C  1 0 5 1  S N A M E ,  ECDGE,AMAG,YWT 
F O R M A T 1  I X , A 5 , A 8 , ? X , k 1 3 . 9 1  1 1 1  
N R * Y R *  I 
I F ( N U T  I 1  1 0 1  1  1 0 1  1 2 0  

N U T =  I 
W T + Y U T  
1 F l S N A M t . t C . S T N l Y S ) I  GO TO 2 1 0  
I F ( S N A M f . E Q . S T N ( U S 4 1 ) )  CO T O  2 0 0  
I F  l SIJAME.ER . E N D )  GO TO 3 0 0  
DO 1 6 0  J a I s N S T  
I F I S N A M E . L Q . S T N 1  J I )  GP TO 1 8 0  
C O N T  I N U F  
I F ( S V A M E . E Q . R L A N K )  CO TO 2 9 0  
P R I ' I T  1 7 5 ,  S U A M E  
t O R M A 1  1 2 7 H l * *  U Y K Y O V U  S l A T l O Y  N A M E  
GO T O  2 8 0  
0 0  1 9 0  I = l . ' i R T  

SFTUP STATIONS AND EVENTS 

F O R M  M A T R I C E S  

- - 

I F ( E C O O E . ~ ~ . E V ~ Y T ~  l )  l GO TO 2 5 0  
1 9 0  C O N T I J U E  

CO TO 2 3 0  .. . -  - 
2 0 0  N S = : v S * l  
2 1 0  U 0  2 2 0  N8a I 1 N t j T  

I F I C L U U E . C O . E V E N T ( N H 1 )  GO T 0  2 4 0  
2 2 0  CO'iT I l I U E  
2 3 0  IF( ECOI)E.CO.DLAI~K)  r,n T O  2 9 0  

P A I ! I T  2 11,1 ECObt 
2 3 5  F O R M A T (  ?')It1 * *  l i N K ? i r l k " i  C\'FI.iT C O D E  - S A C / / )  
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GO TO 2 8 0  
J=NS 
I= t iO  
P i  I p J I a A M A G  
NRBI  I ) = N P O I  1 ) + 1  
NRSIJ)=NRSIJ)+I 
I= I *NST 
A I  I , J l a W T  
B1 J 1-01 J  I*AMAG*WT 
GO TO 1270 ,  1001,  I N D  
IND.2 
NB* I 
I =  J  
J=NB 
GO TO 260  
PRINT 2 8 5  
FORMAT1 24H THE 1YCOP.RECT CAR0 I S  - 1  
PRINT 105, SNAME,ECODE,AMAG,YWT 
HETURU 
CALL INPUT 
PRINT 2 9 5  
FORMAT i30H l * *  ONLY INPUT PRINT REQUESTEO// / I2H NO SOLI IT ION) 
GO TO 1 0  

NRtNR- l 
LS=NST + I 
0 0  3 2 0  J f l t N S T  
AO*O. 
0 0  3 1 0  I=LS ,N  
AO*AO+A( I1J 1  
CONTINUE 
A I J , J ) = A D  
A i J , N + I ) = A D  
AI N +  I,.J )=AD 
CONTINUE 
D0 3 4 0  J=LS,N 
AD-0. 
U0 3 3 0  I = l r N S T  
AD*AD+A1 11 J I 
CON1 IYUE 
AIJ,JI .AD 
A i  J , N + l  )=AD 
A I N + I v J ) = A D  
COFlT INUE 
AC=O. 

AMAGzO. 
U0 3 5 0  J = l t N  
AD=AD+AlJ ,J)  
AMAG=AMAG+Bl J )  
LONT INUE 
A l N * l , N t l ) = A D / 2 .  
B I N +  l )=AMAC/2. 
0 0  370 J=1,?4ST 
D0 360 I = l , I l S T  
A I  I,J)=AII,JI+I. 
CON1 INUE 
CONTINUE 
0 0  390 J = L S t N  
DO 3 8 0  I=LS,N 
A i  l ~ J 1 * A l l ~ J l + l ~  
COYT INUE 
CON1 INUE 

PRINT  INPUT 
CALL INPlJT 

SOLVE MATRIX 
N=N+ l 
D0 4 2 0  J = l t N  
IFiA(J,JI-1.)420,410~420 
PRINT 415,  J  
FORMAT i20H l * *  0IACO"AL ELEMEUT,14v6H Z E R 0 / / / 1 2 H  NO SOLUTION) 
GO TO 10 
CONT INUE 
WRITE [ D I S K )  l l A ~ I ~ J l ~ l ~ l ~ N ) ~ J ~ I ( N )  
CALL SOLVE1 B,X,N,Dl 
WRITE ( D I S K )  ( l A l I , J ) ~ I * l r N ) r J = l 1 N )  
REWlYD D I b K  
READ l l ) I S K )  I ~ A I ~ ~ J ~ ~ I ~ ~ I ~ ~ ~ ~ J ~ ~ ~ Y ~  

SETUP STATION AY0 EVENT ARUAVS 
XMEAN*XiN) 
DO 4 7 0  I = l r N H T  
J =  I *WST 
V l I l = X ( J )  
CON1 INUE 
STAN=AHS(XI  l )  
ISTAN* l 
DO 4 9 0  J=?,tIST 
I F I S T A N - A B S ( X ( J ) ) ~ ~ ~ O ~ ~ ~ ~ ) ~ ~ ~ O  
STAN=ADS(XI J )  1 
ISTAY. J  
CON1 INUE 

27 



P H l N r  I'.ESII)UALS 
CALL OUTPUT 
REAC ( D I S K 1  I I A ( I , J ) P I = I S N ) ~ J * I . N )  
REWIND U lSK  

WORK OUT STUDENIS T 
1.0. 
NDF-NR-Nt2 
I F I N O F )  675 ,675 ,620  
I F  INDF- 3 0 ) 6 3 0 , 6 4 0 , 6 ~ 1 0  
IDF-YDF 
GO TO 6 7 0  
I F I N D F - 3 0 0 )  6 5 0 ~ 6 h O v h b O  
IDF-NDF/  l o t 2 7  
GO TO 6 7 0  
I D F = 5 7  
T -ST(  I D F )  

COMPUTE VAHlANCES AND CONFIOENCE L I M I T S  
RBAR-0. 
RSPC=O. 
DO 6 9 0  J= 1,NST 
D0 6 8 0  I = l q N B T  
A D - P I l l J l  
HBAR-ROARtAlJ 
RSOD=WSQDtA0.AD 
CONTINUE 
CON1 INUE 
IFINDF.GT.0) RSOD=RSQD/FLDATlYDF) 
DO 7 1 0  K = I , N  
VARXI K =RSOll.DIK) 
CLX1K) -T*SORT(VARXIK)1  
CONT INUE 
DO 7 2 0  I = l , N B T  
J- 1 +NST 
VARY( I )=VARX l  J )  
C L V I 1 ) - C L X I J )  
CON1 INUE 
VARM=VARXI Y 1 
CLM=CLXIM)  
DO 7 4 0  1=1,1\(8T 
J - I  tNST  
DO 7 3 0  LS.1, I 
KmLStNST 
P ( L S ~ I ) = T * S O R T ( R S O D * A B S ( A ~ K , K ) ~ A ~ J , J ) - ~ . * A I K , J ) ) )  
CONTIYUE 
CONTINUE 

IFINDF.CT.0)  RSUD=RSQO*FLOAT(NDF) 
C PRINT  AYSWERS 

CALL TABLE 
CALL TRIANC 
CALL SECCLKI I F )  
T S t T F - T S  
PRINT 805 ,  HEAD* DATE 

8 0 5  FORMATl55HlTARLE 6 VARIABLES USED DUKING COMPUTATION 
1 9A8 /113X*6HDATE , A 8 / / / / )  

PRINT 8 8 6 1  N R ~ N I R S Q D , R B ~ R , T ~ N D F ~ X M E A N ~ C L M I T S  
8 8 6  FORMAT1 

I 3 3 ~  NUMBER OF'READINSS = , 1 6  / / 
2 33H NUMBER OF UNKNOWNS r  I 6  / / / /  
3 33P SUM OF SQUARES OF RESIDUALS , F10.6 / /  
4 33H SUM OF RESIDUALS - , t10 .4  / / / I  
5 33H STUDEYTS T * t F6.2 / /  
6 33H  NUMBER OF DEGREES OF FREEDOM , I 6  / / / /  
7 33H MEAN STATIOY-EVEYT EFFECT a F7.3,SH +/ -sF7.5  / / / / / I / /  
fl 33H TIME TAKEN TO SOLVE MATRIX F 7 . 3 ~  8H SECONDS) 

C 
LOOP FOR NEW MATRIX 

END 
T S U B T Y P C * F O R T R A N , L M A P , L S T R A P  
C LSMF HEADIVG PRIYT ROUTIYE 
c ............*...*. a*.....* 

T H I S  ROUTINE REAOS AND PRINTS HEADING CARDS T I L L  I T  F INDS A ZERO I N  COL.80 
TPE CONTENTS OF THE F I R S T  CARD I S  STORED I N  ARRbV HEAD N.0. COLS.1-72 ONLY 

SUBHOUT I N E  HEADER 
COMMON DATE,HEADIP) 
CATA E N D I I 8 H  EN) tENDZI8HO JOB l 

READ 1, H E A D t I T  
FORMAT1 9 4 8 1  7 x 1  I 1  ) 
I F l H t A D l  1 )  -kQ.ENOl.AYO.HEADlZ) .EP.ENUZ) CALL E X I T  
PRINT 2 1  UATEtH tAO 
FORMAT( 1H1/ 11  3Kt6H0.4TE p A C / / / / Z > X , 9 A B / / / / )  
I F (  I T )  2 0 1 3 0 1 2 0  
READ 3 ,  1T 
PRINT 3 
FORMAT (79H-------------------------------------------------------- 
I----------------------- 1 1 1 )  

GO TO 10 

2 B 



RETURN 
EMD 

SUnTYPE, FOUTkAhl,LMAP,LSTRAP 
LSHF SETIIP ROUTIVE .................. 

THIS ROIIT I N t  SETS (JP AllU PRlFlTS STATIONS AND EVENTS 

SUBROUT IFIE SETUP 
CDMMOY LJATL,HEAUI9l 
COMMON / C O l I t \ /  5 f N I 2 O O ) r  SNAMEtNSTt EVENT 1601  ,ECOUF ,iII\T 
CATA tNDl IOI IEND S  1, Et41)2(8HEND EVEN) 

SETUP LTATIONS 
NST=O 
L  I NE=40 
READ 2 2 1  SNAME 
FORMAT[ IX1A5,74H-------------------------------------------------- 
I------------------------ l 

I F 1  SNAME-€U0 1123,30, 2 3  
NST=NST + l 
I F l N S T - 2 0 0 ) 2 6 , 2 4 ~  2 4  
PRINT 7 5  
FOHMATl21H l * *  TO0 MANY STATIONS) 
GO TO 4 1  
I F I L  IN€-40129 ,27 ,27  
L  I NE=O 
PRINT 20, HEAD,DATE 
FORMATI 5SHlTABLE 1.1 STATIONS 
I VA8/113X,6HDATt ,AB/ 
2  8OH CODE STATION REGION 
3 CCR'ECT IONS / I 

PRINT 221 SNAME 
LINEILINE~I 
STNIYSTI-SNAME 
GO TO 2 1  

SETUP EVENTS 
NHT=O 
L l N E s 4 O  
H E A C  32, ECOIIE 
F O R M A T [  6~,~8,66~-------------------------------------------------- 

1  - - - - - - - - - - - - - - - - l 
I F  1  €CODE-EMU2 133,401 33 
NBT=NBT+ I 
IF INBT-60136 ,  349 34 

, 
LAT l TUOE LONGITUDE 

PRINT 3!1 
FORMAT1 1 9 t i l * *  TOO MANY EVENTS) 
GO TO 4 1  
I F I L I N E - C 0 1 3 9 ,  37137  
LINE-O 
PUINT 30, HEAD,I)ATF: 
tORMATl55HITAHLE 1.2 EVCNTS 

1  9A8/113X,6HDATE ,A81  
2  80H COUE EVENT DATA AND COMMENTS 
3  / l  

PRINT 32, ECODE 
LINESL I r l E t l  
EVENT1 NBT l=ECODE 
GO TO 3 1  

RETURN 
F I N I S H  FOR ERROR 

CALL E X I T  
EY D  

SUBTYPE,FORTKAN,LMAPqLSTRAP 
LSMF 1'4PUT PRINT ROUTINE ........................ 

TWIS SURROUTIJE PRINTS OUT THE MATRIX OF MAGNITUDES ( P I  
WlTt l  11 ALL STATIONS 

21 EV€NTS I N  SETS OF TEN ( 1 0 )  
L 
C PRIUTS THE WEIGHT BY EACH MAGNITUDE READ I N  
C ZERO AND BLANK INDICATE NO VALUE 
C 

SUBROUT I m l C  IYPUT 
COMMOY U ~ T E ~ H E A D ~ ~ I I N U M I ~ ~ I ~ A W T I ~ O )  
COMMON /MTPCES/ ~ ( 2 6 1 ~ 2 6 1 I ~ B I 2 6 1 1 ,  P I 6 0 , 2 0 0 )  
CCVMON /CODES/ STFI I200 l1  SNAMEvNST* EVENTl60 )  ,ECODEaNt)T 
DIMENSIOV FCHARI 101 

C  
CATA I F C I i A R I I I ~ I = l ~ 1 0 1  (@OH *l * 2  *3 .I( 

1  45  r 6  * 7 .8 .P l ANUM(8HEVENT l 
L 

J= 0  
4 2 0  J = J + I O  

NB=J-9 
I F 1  J-YBT )440 ,44@,  4 3 0  

430  J=NBT 
440  L I N t = l t O  



0 0  4 8 0  NS* 1,UST 
I F I L  I N E - 4 O l 4 6 0 , 4 5 0 ~ 4 5 0  

4 5 0  L lNE=O 
PRINT 4549 HEADthATEq IANUMcNUMI Il ,I -NB,  J l  

4 5 4  FORMAT(55HITABLE 2 MATRIX OF MAGNITUUES WITH WEIGHTS 
1 9AB/113X,bHDATt ,AB/ 
2  9 H  S T A T I O N ~ 4 X , A 5 ~ 1 3 , 9 1 4 X ~ A 5 t I 3 l I  

PRlNT 4559 ( E V E N T I I I g I ~ N B , J I  
5 5 5  FORMAT1 13XsA01914X,ABl  l 
4 6 0  0 0  470  I=NRsJ  

INST= I +NST 
VT*Al  INSTvNSI  
I N S T = I F I X I N T + 0 . 5 l + 1  
AWTI I I=FCHAR(  I N S T I  

4 7 0  CONT lNlJE 
PRINT 4759 N S ~ S T N l N S l ~ l P l I ~ N S l ~ A W T l 1 l ~ l = N B ~ J l  

4 7 5  FORMAT1 1 x 0  1 3 ~ 2 X ~ A b , F b . 3 i A 3 , 9 I  3XsF6.3,A3))  
L I N E * L l N E * l  

4 8 0  CONTINIJE 
1FlJ.NE.NBT) GO TO 4 2 0  
RETURN 
END 

r S U B T Y P E , F O R T R A N , L M A P ~ L S T R A P  
C LSMF MATRIX INVERSION ROUTINE 
C **t*..*********.**.*****t**** 
L 
C TWE METHOD USED I S  CALLED TRIANGULAR DECOMPOSITION 
C FROM N.P.L. MODERN COMPUTING METHODS 
C 
C B A S E D  ON LIBRARY SUBROUTIYE MBOIA 
C 

SUBROUTINE S O L V E I B , X ~ M , D I  
COMMON /MTRCES/ A l 2 6 l t 2 6 1 l  
COMMON /ARRAYS/ QQQI902)gCl261l~1NOl261l 
DIMENSION e c n l , x c n ) ~ D t n ,  

c 
1 0 0  AHAX-0.0 

DO 2 I = l g M  
I N D I I I = I  
I F I A 0 S  l A l 1 , 1 l l - A M A X 1 2 ~ 2 v 3  

3 AMAXtABS I A I I l l l l  
1 4 - 1  

2 CONTIYUE 
CMzM-I 
00 111 J=l,MM 

I F 1  14-J16,6,4 
4 I S T O = I N D I J )  

I N D I J I = I N D I  1 4 1  
IND l  I 4 ) = l S T O  
0 0  5 K = I g M  
STOxAI I 4 , K l  
A I  I 4 , K l * A l J , K l  
A I  JIKl=STO 

5 CONTIYUE 
6 AMAX=O.O 

J l = J + I  
0 0  11 I = J I , M  
AI I , J I = A (  I , J l / A l J , J l  
DO 10  K=JI,M 
AII,KlrA(IIKl-AII,J)rAlJ,Kl 
I F  lK -J1114 ,14 ,10  

1 4  I F I A B S  l A l I ~ K l I - A M A X l 1 0 ~ 1 0 ~ 1 7  
I T  AMAX*ABS ( A ( I 1 K ) I  

14s l 
10 CONTIYUE 
1 1  CONTINUE 

1 1  1 CONTINUE 
6 5  DO 140 I l = l , M M  

I=M*  1-1 I 
12.1-1 
0 0  4 1  J I = 1 , 1 2  
J=  1241-J  I 
J 2 = J + 1  
N I * - A I  1, J l  
I F 1  12 -J21  141,43,43 

4 3  D0 4 2  K*J?, I 2  
U l = W I - A l K p J l * C I K l  

4 2  CONTIYUE 
1 4 1  C l J l = W I  

4 1  CONTINUE 
0 0  4 0  K.1112 
AI l , K l = C l K I  

4 0  CONTINUE 
1 4 0  CONTINUE 

DO 150 I l = l t M  
I=M+ 1- 1 1  
1 2 - I t 1  
W=Al 1 .1)  
U 0  5 6  J=I,CI 
I F  1 1 - J  )52 ,  53,54 

ME0 1A003 
M80 1A004 
MBOIA005 
Mno i A 0 0 6  
MBO I A007 
M80 l A 0 0 8  
M80 1A009 
MBOIAOl0 
MBO l A 0  l l 

M00 1AO 12 
M80 1A0 13 
M e o r n o 1 4  
MBOlAOl5  M 8 O l A O l b  

MB01A017 
M00 1 A0 18 
M80 IAO 19 
M80 l A 0 2 0  
M80 1 A02 1 
M80 1A022 
MB0 1A023 
MB01A024 
M80 1A025 
MBOlA(r26 
M80 1A027 
MB01A028 
M80 l A 0 2 9  
M80 1A030 
M80 1A031 
M80 l A 0 3 2  
M B O I A ~ ~ ~  
MBOlA034 
M80 1A035 
MBOlA036 
M80 l A 0 3 7  
MB01A038 
M801A039 
M00 1A040 
M00 1A04 l 
M80 I A042 
M80 1A043 
M80 14044  
MBO IAO45  
MBOlA046 
M80 l A 0 4 7  
MBOIA048 
ME0 1 A049 
MB01A050 
M00 IAOS 1 
M80 !A052 
M801A053 
M00 1A054 
MBOIA055 
M80 \ A 0 5 6  



5 2  Wl=O.O 
GO TO 5 5  

5 3  Wl.l.0 
GO TO S5 

5 4  W I * A l l t J 1  
5 5  I F I I I - l ) 1 5 6 ~ 1 S 6 , 5 1  
5 7  0 0  5 8  Km121M 

U1.W l - A I  I , K I * A ( K , J )  
5 8  CONTINUE 

1 5 6  C I J ) = w l  
5 6  CONTINUE 

0 0  5 0  J=r,M 
AI  I , J ) = C ( J ) / U  

5 0  CON1 INUE 
1 5 0  CONTINUE 

D0 6 0  I . l *M 
6 3  I F 1  I N O I I 1 - 1 ) 6 1 , 6 0 ~ 6 1  
6 1  J = I N O ( I )  

DO 6 2  K = l t M  
STO=AIK, I )  
AIK, I ) = A I K , J l  
A I K $ J ) = S T O  

6 2  CONTIYUE 
ISTO- INDI  J 1 
I N D I  J l = J  
I N D I  I ) * I S T O  
GO TO 6 3  

6 0  CONTINUE 
c 

6 4  DO 6 6  J m l t M  
ST 010. 
0 0  6 7  I = l t M  
STO=STO+AI I g J l * B I  I )  

6 7  CONTINUE 
X( J I=STO 
O( J ) = A ( J , J )  

6 CONTINUE 
6 0  RETURN 

END 
1 SUBTYPE~FORTRANvLMAPvLSTRAP 
C LSMF OUTPUT PRINT ROUTINE 
c ............,*.*....***** 
c 
C THIS ROUTINE COMPUTES AND PRIYTS OUT THE MATRIX OF RESIDUAL$ OF MAGNITUDES P 
C WITH 1) ALL STATIONS 

2 1  EVENTS I N  SETS OF TEN ( 1 0 )  

NIB. THE TRUE RESIDUALS ARE PRINTED OUT 
BUT WEIGHTED RESlnUALS ARE RETURNED TO LSMF 

SUBROUT INE OUTPUT 
COMMON . D A T E 1 H E A D ( Q ) 1 N U M I 6 0 ) ~ A W T I 6 0 ~  *NpNR*DISK* 

1 XMEAN,CLMrVARM,RSQDiRBARt ISTAN~STAN 
COMMON /MTRCES/ A I 2 6 1 t 2 6 1 ) ~ B ( 2 6 1 ) ~  P ( 6 0 * 2 0 0 )  
COMMON /ARRAYS/ X f 2 6 1 1 . Y t 6 0 1  
COMMON /CODES/ S T N I Z O ~ I  1SNAME,NST, EVENTt60 1 rECODE,N8T 
INTEGER DISK 

CATA ANUM! 8HEVENT 1 ,  STARI 8H* I, BLANKIOH I 

J= 0 
J = J + I O  
N0.J-9 
I F (  J - N B T 1 4 4 0 ~  443,430 
J-NBT 
L I N E = I O  
D0 4 9 0  NS=l,NST 
I F I L  I Y E - ~ b 0 1 4 6 0 ~ 4 5 0 ~ 4 5 0  

4 5 0  L I N E - 0  
PRINT 4 5 4 1  H E A D ~ O A T E t I A N U M ~ N U M I I l ~ I * N B ~ J I  

4 5 4  FORMATl55HlTABLE 3 MATRIX OF RESIDUALS OF MAGNITUDES 
l 9AB/113X,bHDATE ,A01 
2 9 H  S T A T I O N ~ 4 X ~ A 5 , 1 3 , 9 I 4 X ~ A 5 ~ 1 3 ) )  

PRINT 455, ( E V E N T I 1 1 t I - N B v J l  
5 5 5  FORMAT( 13XgA8,9(4X,A8)) 
460  D0 470  1mNB.J 

I F I  P I  1,NS 1-1000.1464,462t464 
4 6 2  AWT l I )=BLANK 

P1 I,NSl=O. 
GO TO 4 7 0  

5 6 4  AWTI l )=STAR 
PllrNS1=PII~NS)-XINSI-Y~I)-XMEAN 

470  CONTINUE 
P R I N l  4 7 5 1  NS,STN(NS)1IPI  I , N S I  t A Y T t I I ~ I = N B , J l  

4 7 5  FORMAT( 1 x 1  I ~ ~ ~ X V A ~ ~ F ~ . S ~ A I , ~ I ~ X , F ~ . ~ , A ~ I )  
L INE=L  I N E + I  
DO 480  l *NBt  J 
INST. I+NST 

b P I  I , N S 1 = P I l t N S ) *  A I  IYSTvNS) )  
4 8 0  CONTIYUE 

I S1 



L00 CONTINUE 
I F 1  J.NE.NBTl GO TO $ 2 0  
RE1 URN 
END 

T SUBTVPE,FORTRIN1LMAP*LSTRAP 
C LSMF TABLE PR I N 1  SURROUTI NE 
c .............**.... e.t.a*.. 
C 
c T H I S  SUBROUTINE PRINTS OUT TABLES OF STATION At.(U tVEFlT COURECTIOYS 
C 
C THE NUMBER* 9 5  PERCENT CONFIDENCE L I M I T S 1  AND VARIANCE 
c ARE PRINTED OUT FOR EACH NUMBER 
C 

SUBROUTINE TABLE 
COMMON D A T E ~ H E A O I ~ ) ~ N U M ~ ~ O ~ I A W T I ~ O I ~ N ~ N R ~ U I S K ~  

1 X H E A N P C L M ~ V A R M ~ R S Q O ~ R B A R ~ I S T A N ~ S ~ A N  
COMMOY /MTRCES/ A I 2 b l ~ 2 6 1 l , B I 2 6 1 l  1 P l b 0 , 2 0 0 l  
COMMON /ARRAYS/ X I 2 b 1 J ~ V ~ 6 0 1 ~ N R S l ? 0 0 l ~ N R B l b O ~ ~ O l 2 b ~ l ~  

1 C L X 1 2 b l l ~ C L Y l b 0 l ~ V A R X I 2 b 1 l ~ V A R Y l b O l  
COMMOY /CODES/ STN( 2 0 0 1  1 SNAME sNST 9 E V E Y T I 6 0 l  rECOUE*NHT 
COMMON /STUDT/ S T l 5 7 l , T ~ I O F ~ N O F  
INTEGER DISK 

C 
CATA STARI8H  +*. 11 RLANK(8H l 

C 
C PRINT  OUT STATION CORRECTION 

L INE.40 
DO 3 5 0  N S = I l N S T  
I F l L I N E - 4 0 l ~ 2 0 ~ 3 1 0 ~ 3 1 0  

3 1 0  L I N E - 0  
PRINT 3159 HEA0,DATE 

3 1 5  FOHMATI55HlTAMLE 4.1 STATION CORRECTIONS t 

I 9 A B / 1 1 3 X ~ b H O A T E  # A B /  
2  l 1 9 H  STATION COMPUTED NUMBER 9 5  PERCENT 
3 VARIANCE / 
4 l l 9 H  VALUE I N  ROM CONFIOENCE L I M I T S  
5 l 

3 2 0  I F ( N S - I S T A N 1 3 3 0 r  3 2 5 9 3 3 0  
3 2 5  OIAG=STAH 

GO TO 3 4 0  
3 3 0  DlAG=BLANK 
3 4 0  PRII\IT 3 4 5 1  N S ~ S T ~ . ( I N S l ~ X l Y S l ~ O I A G t N R S l N S l ~ C L X I N S ~ ~ V A R X I N S l  
3 4 5  F O R M A T ( 1 X ~ 1 3 ~ 2 X , A S ~ 6 X ~ F b . 3 ~ A b ~ I S ~ b X ~ 3 H t / - ~ F E ~ 5 ~ b X ~ F 8 ~ b l  

LINE=L INE+I 
3 5 0  CONTINUE 

PRINT  OUT EVENT CORRECTION 

L INESO 
PRINT 365,  HEAD1 DATE 
FORMAT(55 l i l TABLE 4.2 REST ESTIMATE OF MAGNITUOES t 

1  9AB/113X,bHOATE ,AB/ 
2  l l 9 H  EVENT COMPUTED NUMBER 9 5  PERCFNT 
3 VARIANCE l 
4 1  l 9 H  VALUE I N  COL. CONFIDEYCE L I M I T S  
5 1 

PRIYT  375 ,  N B ~ E V f N T l N B l ~ Y I N B I ~ N R B l N B I ~ C L Y l N B l ~ V A H Y l N R l  
FORMAT( l X t  1 2 ~ 2 X ~ A 8 0 ~ X ~ F b . 3 ~ b X ~ 1 5 ~ 6 X ~ 3 H * / - ~ F 0 . 5 ~ b X ~ F E . b 1  
L I N E = L I N E + I  
CON1 INUE 

RETURY 
END 

SUBTYPE, FDRTRANi LMAPt LSTRAP 
LSMF TRIANGULAR MATRIX PRINT  ROUTIYE .. #..*...*....*....~.~~~.*~..**..**. 
PRINTS THE LOWER TRIANGULAR MATNIX ( P I  I N  SETS OF 5 EVENTS 

FOR ALL EVENTS FROM THE START OF THE SET 

SUBROUT lPlE TRIANG 
COMMON DATE,HEAD(9) ,NUMIbOl mAWTI60) 
COMMON /MTRCES/ A l 2 b 1 * 2 b l I ~ B I 2 b l l ,  P 1 6 0 , 2 0 0 l  
COMMOY /ARRAYS/ X l 2 b l l ~ Y I b 0 1  
COMMON /CODES/ STNI20011SNAME1YST, EVENTIbO) iECODE*NBT 
DATA ANUMIBHEVEYT l 

1 ~ 1 ~ 1 ~ ~ - 4 0 1 4 b 0 ~ 4 5 0 . 4 5 0  
L INE=O 
PRINT 454 ,  I~EAOIDATE, IAYOM,NUM(ll I , I = Y b , J l  
FORMATI55HITABLE > MATRIX OF DIFFERENCES OF MAGNITUUCS 

1 V A 8 /  113x9 OIIOATE ,AB/  
32 



2 911 EVLhlT I O X ~ A S ~  151'41 I ' J Y . ~ ~ ~ ~ ~ ~ ) I  
PRINT 455,  I t V t ' d T I  I 1  11=1,I1\tJJ 

455  FORMAT1 17X1AA141 1 5 X d l l  I 
460  00 470  l=YH,J 

A W T l I J = Y l N A l - Y 1 I J  
470  CONTINUE 

I F I N A - J ) 4 8 2 , 4 8 2 , 4 0 4  
b 8 2  NC*NA 
404  P H I N I  49'1, PIA,EVENT(YA) , l A W T l I l  , P I 1  tNAJ ,I=NA,hiC) 
4 8 5  FORMAT( 1x1 [ 2 1 2 X , A 9 1 5 l F l  1.5,5H + / - v F 7 - 5 1  l 

L I N E * L I N E + l  
490  CONTIYUE 

I F (  J.NE.tlBT l GO TO 1120 
HETUHY 
E4 O 

T 5UBTYPEsDATA 
12.70 4.30 3.18 2.70 2.5' 2.45 2.36 2.31 2.26 2.23 2.25 2.18 2.16 2.14 2.13 
2.12 2.11 2.10 2.09 2.09 2.09 2.07 2.07 2.06 2.06 2.46 2.05 2.05 2.05 2.04 
2.02 2.01 2.00 2.00 1.99 1.99 1.99 1.98 1.98 1 . v ~  1.98 i . 9 a  1.98 1.97 1.97 
1.97 1.97 1.97 1.97 1.77 l . ' +?  1.97 1.97 1.96 1.96 1.96 1.96 

START JOB 
RUSSIAY LOG AMPLITUDE A / T  H1 ONLY 1 2 / 0 1 / 6 6  WkSSS 
STU STUTTGART* GERMANY 4 8  46  15.OH 9 16 36.OE 
BOZ BOZEMAN* MONTANA 4 5  36 00-ON 111  38 OO.OH 
SCP STATE Col-LEGE* PENPISYLVANIA 4 0  4 8  35.5N 7 7  5 2  09.8H 
PRE PRETOt4 I A *  SOUTH AFRICA 2 5  4 5  00.0s 2 8  l 5  OO.OE 
NUR NURM I J A R V I *  F INLAND 6 0  3 0  32.4N 2 4  3 1  O5.1E 
N I 1  NAIROBI*  KENYA 1 16 2 6 - 2 5  3 6  4 8  13.2E 
MAN MANILA* P H I L I P P I N E S  1 4 4 C O O . O N  1 2 1 0 5 O O . O E  
KON KONCSMERG* UORWAY 5 9  3 0  57.ON 9 37 55.OE 
KEV KEVO* F INLAND 6 9  45 21.2N 2 7  0 0  4 5 . l t  
I S T  ISTANBUL* TURY.EY 4 1  0 2  36.ON 2 8  5 9  06.OE 
GOL GOLDEN* COLORADO 39 42  OI.ON 105 2 2  16.OW 
GEO GEORGETOHN* WASHINGTON DC 3 0  5 4  OO.ON 7 7  0 4  OO.OW 
FLO FLDRISSAYT* M I SSOUR I 38 4 8  06.ON 9 0  2 2  12.OW 
O I L  UACLAS* TEXAS 3 2  5 0  46.ON 9 6  47  02.OW 
COL COLLEGE OUTPOST ALASKA 6 4  5 4  OO.ON 147 4 7  36.OW 
BUL BULAWAYO* RtionE S I A 2 0  08 3 6 - 0 5  2 8  3 6  4 8 . 0 ~  
ALQ ALBUQUEROUE* NEW MEXICO 3 4  5 6  30.04 106 27  30.0W 
S H I  SHIHAZ* l RAP1 2 9 3 8  40.2N 52 31 34.1E 
AAM ANN ARBOR* MICHIGAY 42  1 7  59.ON 8 3  3 9  22.OW 
MUN MUNDAR INC* AUSTRAL I A  3 1  5 8  30.05 116  12 24.OE 
BAG eACUIO C I T Y *  P H I L I P P I N E S  16 2 4  39.ON 120  3 4  47.OE 
NOR FIORC* GREENLAND 81 3 6  OO.ON 1 6  4 1  OO.OW 
ATL ATLbNTA* GEORGIA 3 3  2 6  00-ON 8 4  20 15.OW 

I 
MAL 
TOL 
ESK 
TR I 
COP 
BL A 
AT U 
AK U 
KO D 
LON 
ND I 
PO0 
SE0 
W I N  
CD R 
PE L 
ANT 
ARE 
LP B 
RC U 
TAU 
MNN 
PMG 
AQU 
BK S 
GO H 
CHG 
CT A 
QU E 
KT G 
EY D 

STU 
STU 
ST U 
ST U 
ST U 
ST U 

I 

MAL AGA* SPAIY 3 6  43 39.ON 
TOL €001 SPAIN 3 9  5 2  53.ON 
ESKOALEMUIR* SCOTLANO 5 5  1 9  OO.ON 
TR I EST E* ITALY 4 5  42  32.ON 
COPENHAGEN* OENMA'K 5 s  4 1  0 0 . 0 ~  
BLACKS BURC* V I R G I N I A  37 12 40.ON 
ATHENS UNIV.* GREECE 37 SA 22.ON 
AKUREYR I* ICELAND 6 5  4 1  12.ON 
KOOAlKAtlAL* I t I D I A  1 0  14 OO.ON 
LONGMIRE* WASHINGTON 4 6  4 5  OO.ON 
NEC: DELHI*  I N D I A  2 8  41 OO.ON 
POONA* INDIA  1 8  3 2  OO.ON 
SEOUL* KOREA 3 7  3 4  OO.ON 
WINCHOEK* SOUTH AFRICA 2 2  3 4  00.OS 
CORVALLIS* OH[T,ON 4 4  3 5  08.6N 
PELCEHUE* CHILE 33 0 0  37.0s 
ANTOFAGASTA* CHILE 2 3  42  18.0s 
AREQUIPA* PERU 1 6  2 7  43.55 
LA PAL* B O L I V I A  1 6  31 57.65 
RAPID C I T Y *  SOUTH DAKOTA 44  0 4  30.ON 
TASCANIA UNIV.* TASMANIA 42  54 3 5 - 7 5  
MINNEAPOLIS* MINYESOTA 44 54 52.ON 
PORT MORESRY* NEW COINEA 9 2 4  33.05 
AQU I L A *  ITALY 4 2  2 1  14.ON 
BY ERLY CALIFORNIA 37 5 2  36.ON 
GODPAVN* GREE,YLAND 6 9  15 00-ON 
CH I ENGMA I THAILAND 1 8  4 7  2b.ON 
CHARTERS TOWERS*AUSTRALIA 2 0  0 5  18.0s 
QuETTA* PAKISTAY 3 0  11 I8.ON 
KAP TOBIN* GREENLAND 7 0  2 5  OO.ON 

STATIONS 
R 1 1 5 0 3 6 4  
R1 160564  
R1 190764  
R1  1 6 1  164  
R1040265  
R 1 0 3 0 3 6 5  
R1 1 1 0 5 6 5  
tND EVENTS 
R 1 0 3 0 3 6 5  2.20 
H1150364  2.30 
R 1 1 6 0 5 6 4  2.20 
R1 l V U 7 6 4  2.00 
H1161164  2.30 
R l C 4 0 2 6 5  2.21 



B02 R1030365 
002  R I  150364 
B02 R1 160564  
B02 R1190764  
002 R1161164  
002 R1110565  
SCP R1150364  
SCP R1161164  
P I E  R1030365 
P I E  R1150364  
PR€ R1 160564  
PR€ R1190764  
PRE R1161164  
NUR R1150364  
NUR R1 160564  
NUR R1190764  
N A I  R1030365 
N A I  R1150364  
N I 1  R l l 6 0 5 6 4  
N A I  R1040265  
MAN R1030365  
MAN R1150364  
MAN R1 190764  
MAN R1161164  
MAN R1040265  
KON R1030365  
KOY R1160564  
KON R1110565 
KEV R1 150364  
KEV R1160564  
I S T  H1030365  
l 5 1  R1150364  
I S T  R1160564  
I S T  R1 190764  
I S 1  R1161164  
COL R1030365  
GOL R1150364  
GOL R1 160564  
GOL R1190764  
COL R1161164  
GEO R1150364  
G€O R1160564  
FLO R1 150364  
FLO R1160564  
FLO H1161164  

l 
1 

O I L  H11503b4  
OAL H1161164  
COL H1030365  
COL W1150364 
COL K 1  160564 
COL K1  190764  
COL R1161164  
COL R1 110565  
BUL K1030365  
BUL H1150364  
euL RI 1605.54 
BUL R1190764  
BUL R1161164  
BUL R1040265  
ALO K1030365  
ALQ H1150364  
ALP H1 160564  
ALP H1190764  
SHI H1030365  
SHI W1160564 
SHI K1190764  
SHI H1161164  
SHI  R1110565  
AAM R1030365  
AAM R1160564  
AAH R1190764  
AAM R1161164  
HUN H1 160564  
MUN R1190164  
MUN H1161164  
BAG W1150364 
BAG R1 160564  
BAG H1190764  
NOR R1 190764 
NOR R1161164  
A t L  R1160564  
ATL R1161164  
MAL R1160564  
HAL R1190764  
HAL R1161164  
TOL R1160564  
TOL R1190764 
TOL R l l h 1 1 6 4  
kSK R10 10365 
ESK H1 160564 

I 



E S K  H l l C l l C 4  1 .V1 
E S K  K1110565 0 . 9 3  
T R  I K I 1605611 I .eu 
T K I  U l 1 0 0 7 6 J ~  1 e7U 
COP H l lOU764 l .7J 
COP K1040265  2. 0 0  
B L A  K 1  161 164 1.1H 
A T U  P 10JiO2C5 1.9Ll 
A T U  1 3 1 1 ~ 1 1 6 4  l . 7 t ;  
A K U  K 10 3 U 3 6 5  1. V 0  
A K U  P,1 161 164 1.93 
K O D  H1030365 1 .C? 
K O b  H1 1611CIi 1.94 
LON K 10 3036'1 1.5 3 
LOlJ U 1  161164 l . 0 3  
LON H1 11b565 0.k1 
N D I  K1110565 1.C4 
NU1 K1030565 2 - 7 1  
P O 0  R1050365 1.60 
P O 0  K 1  1h1 164 1 6 0  
PO0 K10413265 1.71~ 
S E 0  U1161164 1.34 
WIN HllCIlC4 1.5U 
COK K 1  161164 1.9L) 
PEL K 1  161164 1 .l10 
A Y T  H104L265 1.52 
A Y T  K1030365 1.48 
A R C  R1030- i65 0.96 
LPW K 1  1611611 0.66 
RC11 K1930.765 1.3U 
T A U  k l  l 6 1  164 1.30 
MNN K1 16 11614 2.11 
PMG K1040265 1.82 
PNG H1OJUS6'> 1.613 
PMG d 1 150 364 1.68 
PMG K 1 1 6 1 1 6 ~ +  1.7d 
AQU K1161164 1.411 
B K S  K1161164  1.53 
GUH K1040265 1.72 
CHG K1030365 1.70 
C T A  K1O333bC) 1 .?5 
OUE K 10 30365 =.(/G 
K T G  K1030363 1 . 5 ~  
E Y D  M A G N I T U D E S  

t b l U  J O H  




