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ABSTRACT

Linear inverse theory is applied to synthetic 
seismic reflection data to calculate acoustic impedances 

as a function of depth. The earth is divided into discrete 
layers of equal thickness in travel time, a model which 

assumes the case of plane waves passing through plane 

parallel stratification. The forward solution for 
this model provides the relationship needed by inverse 
theory between the model parameters (impedances) and 
calculated values (synthetic seismogram). This forward 
solution is linearized by a Taylor series expansion, 

and the resulting linear problem is a set of m equations 
with n unknowns. The set of equations is reformulated 
by use of singular value decomposition and the resulting 
matrix equations are solved iteratively for the best 
solution in a least squares sense.

Solutions to this equation for model traces without 

noise are stable and converge rapidly. With random 
noise added, the solutions remain stable for even low 

S/N, but an irreducible error is encountered.

Convolutional noise as well as scaling factor errors 
cause slower convergence and less stability, but solutions 
are still reached. Several acoustic impedance models

IV
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are used with very little difference observed with 

regard to the convergence, stability, and accuracy of 

the method.
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INTRODUCTION

As processing technology has developed, more and 

more interest has been directed toward the area of 

seismic inversion. Many different approaches to inversion 
exist and are'described in the literature. Kunetz,
(1963), did some of the pioneering work, however his 

method solved for impedances sequentially and hence 
errors increased with depth and the method was very 
unstable. Bamberger et al, (1977,1978), attacked the 

problem via the one-dimensional wave equation. Fairly 
good results were achieved, however, there was some 
undesirable degradation of the latter part of the results 
in the presence of noise. Also the method was computa­
tionally costly with respect to computer time.

In another slightly different attempt, again using 
the one-dimensional wave equation, Gjevik et al, (1976,1978) 
transformed into the frequency domain and carried out 
their solution there. The accuracy of the solutions 
was good, but some instability was encountered. Most 
of these methods have the difficulty of lengthy 
computations. Lindseth, (1972), avoided the problem of 

time with the computationally fast Seislog* method but 

at the expense of the accuracy of other approaches.

* Registered trademark
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Seismic inversion in the perfect sense would allow 

the physical earth parameters that determine the nature 
of the seismic data recorded in the field to be 
recovered exactly. These physical earth parameters, in 
the case of seismic exploration, are usually agreed 

upon as being the velocities and densities as a function 

of depth, and for the simpler one-dimensional problem, 
the impedances or product of the velocities and densities 

With these parameters, a seismic synthetic can be 
generated using some forward modeling technique.

The forward solution has been known for some time 
but in 1961, Goupilland stated the solution in a 

particularly compact form for the case of plane waves 
propagating through plane parallel stratification. The 

basic idea that led to this compact representation was 
a division of the earth into parallel layers which were 
equal in depth expressed in travel time units. The fact 
that the forward solution can be expressed in a simple 
compact form is important in that this is the starting 
point for most inversion techniques. Linear inverse 

theory, in particular, requires that there be a func­
tional relationship between the model parameters and 

the calculated values that we wish to compare with 

observed values. For all subsequent references to model 
parameters, it will be assumed, unless otherwise 
specified, that these parameters are just the impedances
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associated with the different layers.
The object of the problem, then, is to investigate the 

relationship between a set of observations and a set of model 
parameters. When the difference between values calculated, 

using our forward modeling technique, and the values observed 

is minimized in a least squares sense, we have reached a 
solution.

One thing immediately obvious is that the model deter­
mines to a large extent how well the earth structure can be 
determined. Characteristics not included in the model can 

not be resolved as part of our earth model. Goupilland's 
forward technique assumes plane parallel boundaries. Many 

times this is a valid approximation over small distances 

however Bamberger, Q.978), notes that this can be approximated 
even more closely by common recording point stacking which 
simulates a line source. An advantage of Goupilland's techni­
que is that although it does assume plane boundaries, it in­
cludes the effect of all primaries, multiples and associated 

transmission losses.
With this forward modeling algorithm, it is possible to 

approach the problem of inversion. To implement linear theory, 

the forward solution, since it is not a linear expression, 
needs to be expanded in a Taylor series with non-linear terms 

dropped. The main effect of this will be just to cause the 
solution to be an approximation also. This necessitates the 

the need to iterate several times to converge to a solution.
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FORWARD SOLUTION FOR THE INVERSION SCHEME

As was mentioned in the introduction, the forward solu­

tion is the starting point in most inversion schemes. Since 
it is also required in linear inverse theory, we begin by 

examining Goupilland's formulation of the forward solution.

The initial step is to break the earth into equal time thickness 
layers (Figure 1-1). We can note that while in terms of 

distance the layers may not be of equal thickness, they 
correspond to equal time units.

This formulation also allows to talk about discrete 
numbers rather that a continium of points which in turn allows 

us to transform into the z-domain, with each At corresponding 
to one layer thickness in time (Figure 1-3).

As can be easily calculated for a single layer, the 

reflectivity series, as measured at the top interface (0) is 
just :

c + ĉ  z
= 1 + c c.z (1)o 1

Accordingly the synthetic seismogram can be computed by 

simply performing the polynomial division out to the required 

length. For the more general case, however, there are an 
arbitrary number of layers, not merely one. If the response 

from layer 1 could be expressed as a unit spike response, we 
would be back to a single layer model (Figure 1-2)

In fact this can be done and yields:
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c + R z
Ro(=) = (2)

This expression results from merely replacing c^ in equation 

1 with R^, which is our generalization of the reflection 

response. Equation 2 still does not yield a means for cal­

culating R^ as we have no explicit equation for R^. It is 

possible, however, to repeat the above process and express 
R^ in terms of R^, ^ 2 terms of R^, etc until we reach the 
deepest layer interface.

Equation 2 can then be expressed as:

= TR. (z) = Y + ̂  S---- r j = 0, 1, 2, 3 --- n-1] + c.R.+^z

where R = c with c being the reflection coefficient of the n n n
bottom of the n^^ layer.

Earner et al (.1977) follow essentially the same develop­
ment but note that equation 3 is computationally inefficient. 

By expressing Rj(z) in terms of a ratio of two polynomials, 

a more efficient equation for computing synthetic seismograms 
can be gained.

By substituting the ratio of two polynomials, By/A^ for

R ., we have: 
3
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where A. = A.^ + c.B-.^z 
3 3+1 3 3+1

j = n-1, n-2 ... 1, 0

Since B = c and A = 1 or B /A = c , we have our first n n n n n n
values to solve the recursive equations for A and B and can 
therefore calculate the response at the surface.

Finally we note that this is very fast computationally 

and includes all primaries, multiples, and transmission 
losses for a normal incidence seismogram (Figure 1-4).
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Figure 1-4 Forward solution steps from input impedance 
series.
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LINEARIZATION OF THE FORWARD SOLUTION

Equation 4 is an equation expressing a synthetic seismo- 

gram in terms of the parameters (impedances) for which we 

wish to solve.
Very simply put:

F (P\) = Cj i = 1, 2, ... m (5)

j = 1, 2 , . . . n 
where is a set of parameters

Cj is a set of observations
Unfortunately our expression of a synthetic seismogram 

in terms of impedances is not a linear expression as required

by linear inverse theory. This can be remedied by expanding

the forward solution expression in terms of a Taylor series.
By discarding all second and higher-ordered terms, we 

are left with

O.-C. = 2  âD ÛP. 3 = 1, 2, .. n (6)
J J A ^i=i 1

Here the subscript j represents time units in the same sense 
it did in equation 4 while i represents different model para­

meter indices. What we have done is expand equation 5 about 
some point near 0^ or our observed values. Since our cal­
culated values will not match the observed values, all our 
model parameters will be perturbed by some A?i. By solving
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for the AP's, we can modify our initial guess of values for 

each parameter until they yield a forward solution that 
matches our observed values.

Wiggins (1972) refers to this procedure as the dual 

set of processes of parameterization of the model and line­
arization of the forward solution. Simply put, it describes 
the formulation of the forward model scheme in terms of the 

parameters we wish to invert to and subsequent linearization 
of the forward scheme.

Since equation 6 rests on a Taylor series expansion, 

the expression is only strictly true for small values of 
AP. Small depends largely on what type of observations we 
are considering. For the case of seismic reflection data, 
the partial derivatives vary very slowly, allowing initial 
guesses which can be relatively far from the solution impe­
dances .

Equation 6 is a system of simultaneous linear equations 
which can also be expressed in matrix form:

AAp = d (7)

Matrix A contains the partial derivatives, Ap is a vector 

made up of the parameter corrections we need to solve for, 

and d is a difference vector made up of the difference at 

each At time interval between our observed and calculated 

data.



T-2223 13

More explicitly stated in matrix form, equation 7 can 

be expressed.

3c 3c.
ap7 3p7  ••* 1 2  N

9C
W .

ac,
âpl

ac.
apN

acM acM
ap. apN

AP.

AP,

APN

O^-Ci

(8 )

m = 1, ... M observations n = 1, ... n parameters

Without the presence of noise, the solution to equation 7 is 

unique.
Looking more closely at equation 7, it can be seen that 

the number of observations can be as large as we choose as 
long as it equals the number of parameters. Even when we 
consider N layers, although the synthetic seismogram will 

have primary events down to only NAt, the multiples will 
continue indefinitely or until we truncate the series.
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SINGULAR VALUE DECOMPOSITION

With equations 7 or 8, we are left with a system of 
simultaneous linear equations to solve for our unknowns. The 

system of equations

AAp = d

can be solved in a least squares sense in several ways.

Most straightforward would be to premultiply both sides of
Tthe equation by A yielding

T a. T"*A AAp = Ad

T —1If both sides are multiplied by (A A) , the solution is 

reached

Ap = (A A) A d (9)

The Ap vector contains the parameter changes needed to be 

made for each layer to force the calculated values into 

closer agreement with our observed data.
This particular solution rests on the supposition that 

A A is not singular. This is equivalent to saying that we 
have at least M simultaneous independent linear equations to 
solve for M unknowns. If any of our M equations are not 

independent of each other, our problem is underconstrained 
and we cannot solve for all the unknowns. Although in our
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Tcase the problem is well-constrained, the matrix A A may be 

very close to being singular. This can give rise to errors 

and stability problems. Lancscz, (1961), looks at the 
problem in terms of spectral decomposition.

In all cases it is possible to decompose the matrix A

into

A = UAV^
where U is a set of orthonormalized eigenvectors associated

Twith the eigenvectors of AA and our "observation" space, V
Tis a set of orthonormalized eigenvectors of A A associated

with our "parameter" space, and A is a diagonal matrix con-
Ttaining the eigenvalues of A A. The eigenvectors can be 

viewed as components in our new observation and parameter 
space while the eigenvalues can be viewed as amplitudes 
associated with the various components. When a parameter is 
not able to be resolved from the system of linear equations, 
the decomposition will yield eigenvalues which are either 
very small or are in fact, zero.

Wiggins, (1972), notes two methods of handling eigen­

values which are either zero or very close to zero. One 

method is merely to truncate the U, A and V matrices appro­
priately, leaving the eigenvectors and eigenvalues associated 

with the poorly defined parameters out of the problem entirely
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IMPEDANCE SOLUTIONS FROM SINGULAR VALUE DECOMPOSITION 

To solve the equation 

AAp = d

using singular value decomposition, we substitute the decom­
position of A for A in the above equation giving

UAV^Ap = d

As noted before, both U and V are orthonormalized eigenvector 
matrices. This means U and V have the following property,

T T T TU U = UU = V V = W  = I

where I is the identity matrix. We can premultiply both 
Tsides by U giving

T a T-kAV Ap = U d 

then multiply both sides by A ^
T ^ 1V Ap = A U d

and finally multiplying both sides by V yielding

Ap = VA'^u'^d (10)

By adding a small number or damping factor to the diagonal 
of the A  ̂matrix, we can retain all eigenvalues and solve 
for every parameter. This procedure is equivalent to the
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more familiar practice of adding a term to the diagonal of 

matrix A to prevent it from being singular. To show this we 

again start with the basic decomposition equation.

A = UAV^

Taking the tranpose of both sides

T TA = VAU

therefore

T, = VA^V^A A
2If we now take equation 9 and add a r term to the diagonal 

we reach

■[T 2A A + r I A^d

By taking this equation and substituting the appropriate
Tdecomposition of A A

VA^V VAU d

where A^ = A/r^

Further reducing this expression

p = VA^V VAU d
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If we let A = A ^Ar

then p = VA u'̂ d (11)

We see that this is equal to equation 10 with the exception 
-1that A is now replaced by A'.

Johansen (1977) showed that the best choice of r usually 

is in the range of the eigenvalues.
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COMPUTER PROGRAM SCHEME AND APPROXIMATIONS

Equation 11 is the least squares solution to the initial 
problem set forth; that of determining a correction for each 

parameter so that the resulting calculated synthetic matches 
the observed values. The general procedure is outlined in 

the flowchart in figure 1-5.
Within the program there were several approximations 

used in calculating the values to insert into equation 11.

First of all there is the matter of calculating values for 
the partial derivative matrix. In illustrating the number 
of calculations involved for an exact solution, we will con­

sider the model in figure 1-6. It should be noted this is 
a model using reflectivity coefficients rather than impedances. 
This merely simplifies the example and the result is easily 
extended to an impedance model.

If we were to just compute the response of the above 
model to a unit impulse at the surface, the synthetic seismo­

gram recorded at the surface would be:
2

=  C q +  ( l - C g j c ^ z  +  [ ( I - C q ) ( 1 - C ^ ) C 2  +  ( 1 - C q ’

[(1-c^) (l-c2) (i_c2)c^ + a-c^) a-o^) Cĉ ) (-c^) + 

(1-c^) (l-c^) (ĉ ) (-Cq ) + (i-c2) (c2) {.c2)j ^3

Ro

+
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Figure 1-5 General flowchart of inversion procedure
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For time 0 or the response is given by one term, c ̂ ; for 

time 1, one term; time 2, two terms; and time 3, four terms. 

If the model were extended to more layers it would become 

apparent that the number of terms needed to express the 
primary and all the multiples at a particular depth in time

N - lwould increase as 2 where N is equal to the depth in At
units. For example, if the model contained 20 layers, the

expression needed to give the multiple and primary response
19at time 20At would contain 2 terms ect. Fortunately if we 

take equation 4

B./A. = R.] ] ]

instead, we reduce the terms we need to express .
Although this drastically reduces the number of terms 

we need to deal with, we are still left with a large number 

of calculations to perform.
Again using the model in figure 6 to illustrate the 

problem
SB. 3A

3R„ . B„ + B, "

This is one partial derivative we need to calculate. We can 
see that as A^ is the result of a recursive calculation, it 

is the sum of many terms. We need to trace our way back
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until we find where c ̂ first appears, take the partial deri­

vative, and then use this expression in the recursive scheme 

to preceed forward to again. This was in fact done in 

the program and gives an exact partial derivative.

As a faster alternative, a finite difference method was 

also tried. Since the calculated synthetic is a function of 
the model parameters.

F(P^) = Cj

where j represents increments in time units (for observations) 
and represents the different model parameters.

From the definition of a partial derivative, 

lim F(P. + AP.) - F(P.) 3C
AP.^0 AP. 8P.1 1  1

Varying AP^ from .1P\ to .001P\, very little difference was 
found from the values of the exact partials. For this reason, 

the finite difference partial derivations were used rather 

than going through the extensive calculations needed to pro­
duce the exact partials.

The other modification of equation 11 was logarithmic 

damping. In generalized linear inversion, many times the 
parameter corrections, although correct in sign, may be two 

large in magnitude. This proved to be true for the particular 

case of seismic inversion also. To reduce the magnitude of
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the larger corrections arid force a smoother convergence, log- 

tan weighting was used.

It was implemented as following Stoyer (personal communi­
cation, 1977)

p i ]  = [tanCOi-Ci,

The parameter corrections are then added as:

New P. = Old P. X lO^^i 1 1

This particular damping technique is not the only one possi­
ble. It is a variation on the more familiar log-log damping. 

The variation was necessary since being the reflectivity 

series can have negative values.
A simpler but less effective method of damping that was 

tried was to merely limit the AP correction to some fixed 
value. This has the disadvantage of sometimes hindering 
convergence to a greater degee.

An algorithm developed by Stoyer (personal communication, 

1977) was used with some modifications to choose the damping 

factor r. The routine checks the errors for various values 
of r and chooses the value which generates the minimum error.

Finally it should be noted that equation 11 requires a 
difference between a calculated synthetic trace and an observed 
synthetic trace. To generate an initial calculated synthetic
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trace, an initial guess for the impedance layers is needed 

A computationally very fast way to generate these initial 

impedances, other than guessing some constant value, is to 
implement a recursive inversion algorithm put forth by 
Lindseth (1972)

z(i+l) = z(i) l-R(i)

This assumes the seismic trace consists of only reflection 
coefficients. Although inaccurate, it has proven to be a 

good initial guess.
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INVERSION RESULTS

In order to test this method of inversion, seven models 
were used to evaluate stability and the rate of convergence.

In addition, various forms of distortion were introduced to 

the calculated values derived from the model. First of all 

random noise was added to the signal and the results of the 

inversion were compared to the known model parameters. Again, 
adding a form of noise, a wavelet was convolved with the 

signal, and finally scaling was introduced. Each operation 
served to distort the reflectivity series and modify the 
final determination of the model parameters. Since our 

"observed" data is generated from a known impedance series, 
in all cases we know how much our inversion results deviate 
from the "correct" values.

First of all let us examine the noiseless case.
a) Noiseless case

Model 1 is an impedance series of forty layers 
which gives rise to a constant reflection co­

efficient of .05 at each impedance boundary.

In figure 2-1, the dashed line represents the 

initial guess of the impedance distribution.
As previously stated, the method of deter­

mining the initial guesses was simply a Seislog* 
inversion. This served the dual function of

* R e g i s t e r e d  t r a d e m a r k .
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generating a reasonable initial guess and at 

the same time comparing a commonly used in­

version technique with the method outlined here.

In examining figure 2-1, one notices 

immediately the divergence of the initial guess 
from the true model parameters as the layers 

increase in number. This serves to illustrate what 
Bamberger et al (1978) commented on in their 
in their paper on inversion. That is, that 
multiples have a very noticeable effect and 
cannot be safely ignored. As the seislog 
inversion method neglects both multiples and 
transmission losses, it mistakenly assumes a 
leveling off of impedance contrast and the 
errors tend to be magnified with depth.

The iteration numbers are noted on the 

plot, and by the third iteration the values 
generated for the impedances by the program 

are indistinguishable from the model impedances.

The RMS difference between the seismic trace, 
which was calculated from impedances generated 

by the inversion process, and the observed trace 
is referred to as the RMS error and is plotted 
in Figure 2-1. This name could be equally well 

applied to the RMS difference between the cal-
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culated and model impedances except for the fact 
the true impedances of each layer in the earth 

are not known in practice. What we observe 

is a seismic trace composed of primaries, 

multiples and associated transmission losses - 
a reflectivity series, not an impedance series. 

For this reason the error in figure 2-3 is 
meant to be the difference between what we 
observe for a seismic trace and what we calculate 
using the impedances gained from the inversion 
process in the forward solution method. This 
particular display is also a bit misleading with­
out a brief explanation. In figure 2-1, we 
noted an increasing discrepancy between the true 
and calculated impedances as we increased in 

depth. Figure 2-3, however, shows an error 

reaching a maximum at about layer 23 with an 
abrupt increase in error at layer 40. The de­
crease in the magnitude of the errors after 
layer 23 is due to the fact the energy reaching 
the lower levels is less. In fact, if the 
errors were computed as a function of the energy 

reaching each level, the ratio of error vs. 
energy would be increasing.
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The abrupt change at time or layer 4 0 is 

due to the fact that this is a pure multiple.

The model consists of 4 0 layers that create 

39 interfaces which generate primaries. By 

the time we reach time 40At, we are only rece- 
ing multiples. It is easy to see why an in­

version technique which neglects multiples will 
give a bad result when faced with a signal only 
comprised of multiples.

Another feature evident from figure 2-3 is 
that the errors are reduced to zero more quickly 
at the shallower layers or times. This is true 
for all the models tested and seems to be a 
property of this inversion technique. At the 
same time, in the noiseless case, this is only 
a delay in error reduction, not a barrier. If 
sufficient interations are performed, the error 

is reduced to zero for all units or layers.

Looking at model 2, figure 2-4, the same 

convergence is noted. Many of the comments 
directed toward model 1, are also applicable to 

all seven model. Figure 2-4 shows convergence 
at the third iteration and figure 2-5 illustrates 
the rapid rate of convergence.
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Models 3 and 4 represent periodic impedance 

distributions, but the rate of convergence is 
relatively unaffected. Convergence is reached 

in 2-3 iterations, and the fit to the model 

parameters is good.
Models 5 and 6 represent aperiodic models.

The rate of convergence is slightly slower but 

not significantly so and the fit remains excellent.
Finally model 7 represents a periodic vari­

ation in impedances for about the first 20 layers, 
followed by 20 layers of constant impedance. At 

the last iteration, the fit is almost perfect 
with the multiple effects on the last 20 layers 

almost completely removed. As was noted in the 

previous section, the errors should be reducible 

to zero in the noiseless case and in fact, the 
results seem to indicate this is true. What 
about the case of additive noise, however?
Does this method converge, and is it stable? 
b) Random noise

Two separate paths were taken to investigate 
the effects of additive random noise. The first 
was to generate a model with a constant impedance 
for each layer and add noise to its response. The 
second was to add noise to our original models and
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observe how the inverted impedances were 
perturbed.

As the first model is simpler, it pro­
bably best serves to illustrate the effects of 
noise so we will begin with it.

Table 1 lists the six different sets of 
noise added to our observed signal. Without 

the noise, the RMS data level is zero as 
would be expected for a constant impedance. The 
point for choosing this particular model now 
becomes clear as we see that in this case the 
noise is the only non-zero component of the 
signal. Figures 2-22 through 2-33 show the 
effects of the differing levels of noise. The 
two plots for each noise level show respectively 
the model and program generated impedances and 
the observed and calculated traces for the last 
iteration.

The things to notice are that the seislog 

initial guess is for the most part very close 

to the final iteration results. Secondly, 

except for the highest noise level case, the 
observed and calculted traces are very close. 

This means this inversion technique can find
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TABLE 1

Noise Value 
Range

RMS Noise 
Level

RMS Data 
Level

OBS - CALC 
RMS Error

0125^.0125 

025^.025 

05 ^.05 

1 ^.1 
2 ^.2 
4 ->.4

.006216 

.012985 

.027841 

.056962 

.110179 

.237170

0.00 
0.00 
0.00 
0.00 
0.00 
0. 00

.001912

.002242

.003940

.000713

.004147

.131865
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an impedance distribution which would give 
identical results to the effect of the additive 

noise. When in the first five cases the noise 

level doesn't generate an impedance distribution 

with high reflection coefficients, the multiples 

are not strong enough to give the inversion 
technique problems. In the last case, however, 
we notice that very early in the impedance 
distribution there is a large contrast. This in 
turn should generate strong multiples in the 
trace which are not there. This causes the 
routine to do a less efficient job in matching 
the calculated to the observed trace as we 
might guess, and a larger RMS error results.

For the second approach, two sets of noise 
corresponding to the two lowest levels in the 
previous example were added to each of the 

seven models. Due to the fact the RMS level of 

the data differed for each model, the resulting 
signal to noise levels also differed. Table 2 

lists the first noise case and Table 3, the 
second. With both sets of noise, no problem was 
encountered with stability but as would be 

expected, the fit to the model parameters was 
not as good as in the noiseless case.
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TATLi: 2

Model # Hat r> RJ'f’ Level Moise RMT Level r / n

.033021

.029603

.048041

.036163

.124314

.099556

.073609

012985 
012985 
012905 
012985 
03 2985 
012985 
012985

2.5/1
2.3/1
3.7/1
2 .8 /]
9.6/1
7.7/1
5.7/1

TA5LL 3

lodel A Da I a RM8 Level se Rl-S Le ve S/"!

033021
029603
0A8041
036163
124314
099556
073689

.006216

.006216

.006216

.006216

.006216

.006216

.006216

5.3/1 
4.8/1 
7.7/1 
5.8/1 

2 0 .0/1 
16.0/1 
11. .9/ 1
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Using figure 2-34, which illustrates model 1, 

we observe that although the program does not 

converge to the model parameters, the results 

are still fairly good. In general, the plots 

showing the results for the other models indicate 
trends are well preserved with the inverted 
parameters oscillating around the model parameters. 

In particular, the model parameter determination 
does not diverge for the deeper layers. Bamberger 
et al (1976) commented that this particular problem 

was a major shortcoming of Kunetz's method (Kunetz, 
1963) and caused it to be unstable.

The plots of error vs. time indicate the same 
behavior we note in the RMS error vs. iteration 
plots. That is, the error is reduced at each 
iteration until we reach some irreducible error. 
This error is evenly distributed between the 
various layers regardless of depth or impedance - 

a fact we would hope for with a least squares 
approach.

The method, then, is stable in the presence 

of random noise. For all models considered, the 
effects of the noise were most pronounced for 

model 5. At points in the model of constant



T-2223 94

impedance for several layers, the noise had its 

maximum effect. This seems to agree with intui­

tion , as at these points the model is generating 

no primaries. The inversion method has only the 

multiple energy to work with, which in the 
presence of noise, can be strongly corrupted, 
c) Convolutional Noise

Up to this point, the assumption has been 
made that no convolutional noise has been 
present in the signal. In fact there normally 
is convolutional noise in the form of filtering 
or incomplete deconvolution. Considered now will 
be what effect a wavelet convolved with the 
reflectivity series will have.

In much of the literature on inversion of 
seismic data, the assumption is made that the 

source wavelet is known and can therefore be 
removed in deconvolution or left in the formu­
lation of the so'ution as a known quantity. If 

this were not the case, however, how would the 
present technique respond?

To test this, the program was adapted to 
accept a wavelet which would be our theoretical 

source wavelet. This source wavelet is then
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Figure 2-62 Amplitude and frequency spectrums for
wavelet with zero noise.
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Figure 2-63 Amplitude and frequency spectrums for
wavelet with S/N = 1.
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Figure 2-64 Amplitude and frequency spectrums for
wavelet with S/N = 2.
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Figure 2-65 Amplitude and frequency spectrums for
wavelet with S/N = 4.





T-2223 104

o

_o

_lO

M O

0 009T0 OOOt OOOtZ .o0 0099 0 008 0 0
30MVa3dHI



T-2223 105

in

m

,oOOOSO 0 OOOTO 000090 0 OOOtO 0 00000 0

4JÛ)1-1
Q)
>(D

CO
C0•H4J

I— I1ou
T)(U
U
&
uo
o

§
uoq-4
uo
u
u<u

vo
(UT3
s

vDICM
(U
U300•H



T-2223 106

_ o

-o

in

0080 0OOZT 0 OOtO 0 0000 0 OOf 0 0 - 0080 0 - OOZTO- 009T 0 -

œCO
•H
•p
(Q
U0)p
•H

0> -P 
>  <D
•r-l T—IW (U W > 0) Cdo 3 u r-4œ cd C o•H

pp
Ü) r—IÜ o

uo
<+-l

> c oÜ 
T)CU "O

cd
u
u

Q)
p

p
u
o

p
cd

:3 o
I—I
cd o o

gCO ;d
PII
T3 vO CU
>  I—I
u  CU cu T3
CO O

' g ®
cu P 

H

CX)
vDICM
(U
u
pbO

•P



T-2223 107

_o

_o

C r-t

U 4-1_o
«4-4 r - l

-in

-o

M O

in
CM

JD0 009S 0 008t 0 OOOt 000?€ OOOtZ
i D K v a i d n i

0 009T 0 008



T-2223 108

CO
r-4

o

00090 0 OOOtOO
SJYH

OOOSO 0 oooeo 0 OOOTO 0 00000 •r-4



T-2223 109

_om

_o

-in

-o

lO

ootoo 0000 00080 0 OOtO 0 - 0080 0 -009T 0
H 0 H U 3

m
• H
4-1 II

j-i z: (U
4-) CO
•r4

4-J 
<u Cd >•H 4J 
CO CD 
CO T— Icu cuU > 
o  cd

CO 1—4 
V4 Cd 
O  C  

14-1 O 
• H  

<U -U 
O  0
cd rH
u o

ê
T3 O 
CU O  
4J
Cd " O  
rH QJ 
0  4J 
U Our-j 3
Cd U a j-4o
CO ÜI'.
e  Cd

Tî \0 
(U
>  I— I

U cu
<U T) 
CO O

-gG
CU 4-4
H 3

r-~I
04
<U
uobO•HPh



T-2223 110

_in

_o

_o
CN

■H 4J

- O

CM

0 009S 0 008t 0 OOOf 0 009T 0 008 0 0
3 J N V a i d F V I



T^2223 111

00090 0 oooeo 0 oootoo oooeo 0 oooeo 0 OOOTO 0 00000 0

4->cu
t— I 
Q) 
>  CÜ3
COco•H
u

o

oo
X)0)4-)
&

o

o

u
^  u

u  o 
u
i-l (U
cn

CM

VO
Q> œ T3o 4-) 
S  CO

CO
I

CM

<U
U;3
txO•H



T-2223 112

COC •
O  CN

in

U Z
•P  CO •HII
•H 4J

0) -P

T3 v£> (Uî> r—( 
h  CU 
CU T3  
CO O^ B-o
cu PI^ -H

0000 0 ootoo-0080 0 OOtO 0 0080 0 - 0 0 2 T 0 - 009 TO - •H



T-2223 113

_ o

-If)
U
C œ
■H +J

-o

inIf)

0 0009 0 0009 o ooot 0 ooof:
j o N v a i d M i

OOOOT 0 0



T-2223 114

OOOEO 0 00020 0 OOOTO 0 00000 000090 0 oootooOOOAO 0 00090 0

u
Q)
Q)
>cd

cd 
C O •H 
4-)

O o
(U 4-J
§■' 
u  
u  o
Ü
u o^  (44
u o
>4
u<D 
CO

vD
<U CO 13
O  -P  
2  cd

vO

I04
0)
Î4060•H

o
K,
'O;



T-2223 115
/

,o

_ o

-in

- O

in

oOOtO 0- 002T 0-OOtO 0 0000 0 0080 0-OOZTO 0080 0009T 0

COC •o <r
•H•p II 
CO
u s<U \  p œ•iHp 
<U CO >
•H P  
CO (U 
CO I— )cu cu o >
CJ CO 

CO !—I 
U  CO 
O  C  
<P  o 

•H 
CU P  Ü
CO r— (
u  o

T )  O  
CU O  
P
CO T )  
>-( CU 
P  P
O  p4rP  ̂
CO U  Ü Po
CD OII
T3 VO 
CU
>  I— )

P  CU 
<U T) 
CO O

•gX̂
CU P

H 3

I
CN

cu
W)•HPL4



T-2223 116

The example here represents one of the more 

severe cases of distortion because of the 

wavelet length. In spite of this, the general 

trends are preserved and the errors are not 
exceedingly large. Stability can be a problem 
here, as the wavelet tends to strongly alter 
the partial derivative matrix. The statement 
made in a previous section about the partial 
derivatives varying slowly becomes less valid. 

Because of this, changes in the program such 

as increasing our increment in calculating the 
partial derivative matrix may enhance stability 
d) Scaling noise

Finally, we need to consider the effects of 
scaling problems. Unless certain reflection 
coefficients are known or impedances are known 
for certain layers, it is difficult to be sure 
the observed trace we have really represents a 
properly scaled reflectivity series. For this 

situation, three cases were considered.

Case 1 considers the situation where the 

entire trace is scaled by a constant other than 
one. Case 2 has the scaling factor changing 

linearly with the depth and case 3 has it 
changing exponentially with depth.
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For the case of scaling, unlike random 

noise or convolutional noise, we can easily 
add another model parameter to our problem; 

the scaling factor. Up until now, all the 

model parameters we were trying to determine 

were impedances. The inversion technique 
however has no barriers which exclude adding 
the effects of other parameters. This is 

one of the powerful aspects of this approach 
to inversion. We merely need to add another 
column to the partial derivative matrix in 
equation 8 and extend Ap and d one unit.
This is automatically done by the program, 
and the results are interesting.

For case 1, the method converges exactly 
for a constant scaling factor of .6 and .8.
The rate of convergence is slowed and not
always constant. For cases 2 and 3, the

number of iterations for convergence approaches
eight and for one linear scaling factor, even this does

not suffice. For the cases tested, it appears
that although convergence occurs, its rate
is considerably slowed and the scaling factor
parameter is very sensitive to change. For

that reason, when the initial guesses for



T-2223 118

the impedances are significantly larger or 

smaller than the model impedances, this may 
force the parameter correction for the scaling 

factor in the wrong direction. This was not a 

problem encountered with the impedance model 

parameters.
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ERRORS

For most of the models and all of the noise cases con­

sidered, several plots were made to illustrate the error be­

havior. First of all, in each case, RMS error vs. iteration 

was plotted, and in all cases, with the exception of the 
scaling case, the decrease in error was monotonie. The case 
of the scaling factor differed in that the RMS error in­

creased for the first iteration but decreased thereafter.
This occurred basically because while the error in the scaling 
factor decreased, the impedance errors slightly increased.

The observed minus the calculated trace error or 
difference vector is also plotted. As mentioned before, 
what this mainly serves to illustrate is that the errors in 
the shallower layers decrease more quickly than those of the 
deeper layers. This results in the model parameters converg­
ing first at the shallower layers and then during later itera­

tions at the deeper layers.
A form of sensitivity measurement which relates to error 

behavior is shown in the partial derivative plots. Selected 
plots are included rather than all as they are very similar 
from model to model, with the exception for the convolutional 
noise case where the values are shifted due to a shifted 

wavelet. As Wiggins (1976) mentions in his paper and 
Pelissier (1979) discusses in his thesis, the partial deriv­

atives in matrix A of equation 7 relate directly to sensi­

tivity. The larger the partial derivatives the larger their 

effect on the solution.
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To produce a cleaner plot, only every sixth column of 

the partial derivative matrix of equation 8 is plotted. This 

results in having the partial derivative of the calculated 
values at each time layer with respect to parameter 1, 

parameter 7, ect. It can be seen the diagonal elements are 
the largest by far. For example, the derivative of time 7 

is greatest when its with respect to the impedance of layer 
7 and 8. What this says is that the primaries are mainly 
driving the inversion.

Finally, we need to use some information gained from 
singular value decomposition to relate the errors in observa­
tions to errors in the parameter correction determination. 
Both Wiggins (1976) and Johansen (1974) discuss determining 
error relations making use of this information. The basic 

equation used is

where
is the variance of the observational errors

is the component of eigenvector
A .1 is the . th - 1 eigenvalue
r is the damping factor

The equation relates the variance of the observations 

to the variance of the parameter corrections. This is 

important to note, since for our inversion, we are solving
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for parameters corrections, not the actual parameters.

Some plots for representative models are shown with
2 = .01. In general, they are similar in character and 

two basic characteristics emerge. One is that the standard 

deviation is greater for lower impedances. This seems reason­

able considering a small impedance change, if added to small 
impedances, will generate larger changes in reflection co­
efficients. Also there is a general decrease in the standard 
deviation as the time becomes greater.

This follows since the reflection series at deeper layers 
is less affected by the other layers. Fewer multiples are 
added into the signal at deeper layers or times. Random 

noise and other distorting factors have surprisingly little 
effect on the standard deviation of the parameter corrections 
other than the overall magnitude.
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FEASABILITY OF METHOD

Table 4 lists the CPU times required for models of 
varying numbers of layers. The singular value decom­

position subroutine is from Golub et al (1970) and uses 

about 80% of the CPU time. From this study, for the 

majority of the cases, it appears the matrix equations 
are possibly stable enough to solve using other methods. 
This appears necessary as the requirements for computer 

time for actual field data exceed that available on 
present day computers. In short, while singular value 
decomposition has valuable qualities in solving the 

matrix equations, the computer time it requires seems to 
preclude its use for actual field data even for the 
larger and faster machines.
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TABLE 4

# of Layers # of iterations

5

10
20
30
40
50

Time/iterations
(Sec)

2.02 sec 
5.67 sec 

16.71 
29.60 
57.28

Total time 
(Sec)

1.59
4.03

17.00
50.13
88.81

171.83

Note: Values are for Model 1 with no noise.
Data run on DEC 10 computer.
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CONCLUSIONS

Using generalized linear inverse theory and Goupilland's 

recursive forward solutions, a quickly converging and stable 

technique for inversion can be implemented. Because of its 
approach to the solution of the matrix equations resulting 
from singular value decomposition, the method has good 
stability in the presence of noise.

Also because of its non-sequential approach to the 
solution of the parameter corrections, errors are not magni­
fied with depth. At present, the method is hindered by the 
fact the computation time is relatively high. Approximately 
80% of the CPU time is used to perform the singular value 
decomposition. The matrix equations, however, need not 
necessarily be solved in this method.

Finally, the formulation of the problem is readily 
adaptable to the addition of other parameters, a fact 
illustrated when scaling factors were included. This allows 

excellent flexibility while following the generalized linear 
inversion method.
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APPENDIX

This appendix contains all programs and subroutines, 
excluding plot programs, used in this study. Documentation 
has been included at appropriate places in the listings 
to explain the function of each program in addition to 

its input and output.
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C
Cc W A I N  P R O G R A M  F O R  S E I S M I C  I N V E R S I O N  U S I N G  G E N E R A L I Z E D  
C L I N E A R  I N V E R S E  T H E O R Y  
C
Cc
C T H I S  p r o g r a m  P E R F O R M S  T H E  I N V E R S I O N  P R O C E S S  AS F O L L O W S .
C THE " O B S E R V E D  D A T A "  IS C A L C U L A T E D  F R O M  A S E T  OF I M P E D A N C E S  
C W H I C H  C H A R A C T E R I Z E  T H E  E A R T H  M O D E L .  T H E  I M P E D A N C E S  A R E  O N E  OF T H E  
C I N P U T S  TO THE P R O G R A M .  IN T H I S  W A Y ,  T H E  C O R R E C T  M O D E L  P A R A M E T E R S  
C ARE K N O W N .  T H E  P R O G R A M  W I L L  T H E N  A C C E P T  AN I N I T I A L  G U E S S  AT  THE 
C * O O E L  P A R A M E T E R S  OR W I L L  G E N E R A T E  I T S  O W N  U S I N G  T H E  O B S E R V E D  
C T R A C E  A N D  S E T S L O G  I N V E R S I O N .  W I T H  THE I N I T I A L  V A L U E S ,  T H E  P R O G R A M  
C I T E R A T I V E L Y  S O L V E S  T H E  I N V E R S I O N  P R O B L E M .
C
C
C THE M A I N  P R O G R A M  IS I N T E R A C T I V E  A N D  A S K S  S E V E R A L  Q U E S T I O N S
C OF T H E  U S E R .  T H E  A N S W E R S  D E T E R M I N E  W H I C H  O P T I O N S  A V A I L A B L E
C IN t h e  p r o g r a m  w i l l  3E U S E D .
CC W H A T  IS Y O U R  I N P U T  F I L E ?
CC * * * * * * * *  THE I N P U T  F I L E  S P E C I F I E D  M U S T  C O N T A I N  T H E  N U M B E R  OF
C R E F L E C T I O N  C O E F F I C I E N T S  OR R E F L E C T I O N  S U R F A C E S  I N  THE
C M O D E L ,  T H E  N U M B E R  OF  I M P E D A N C E S  L A Y E R S  IN THE M O D E L ;
C T H E  N U M B E R  OF T I M E  U N I T S  TO B P  C A L C U L A T E D  F O R  TH-E ' M O D E L
C S Y N T H E T I C  S E I S M O G R A M  A N D  F I N A L L Y  T H E  I M P E D A N C E S  O F  E A C H
C U N I T  T I M E  L A Y E R  IN T H E  E A R T H  M O D E L .C T H E  f o r m a t  M U S T  RE ( 1 5 , / , I S , / , I 5 , / , ( 8F 1 2 . ?  ) )
C
C AR E  Y O U  I M P U T I N G  I N I T I A L  G U E S S ?
CC * * * * * * * *  IF Y E S ,  T H E  D A T A  M U S T  BE P R E S E N T  O N  T H E  I N P U T  F I L E
C IN F O R M A T  ( 8 F 1 2 . 2 ) .  IF N O ,  T H E  I N I T I A L  V A L U E S  A R E
C G E N E R A T E D  IN T H E  P R O G R A M  W H I C H  U S E S  A C O M P U T A T I O N A L L Y
C F A S T  S E I S L O G  I N V E R S I O N  T E C H N I Q U E .
C
C DO Y O U  W A N T  A C O M P L E T E  P R I N T O U T ?
CC * * * * * * * *  A C O M P L E T E  P R I N T O U T  C O N T A I N S  A L L  T H E  I N T E R M E D I A T E  I T E R A T I O N
C R E S U L T S ,  O T H E R W I S E  T H E  P R I N T O U T  C O N T A I N S  O N L Y  T H E  F I R S T
C A N D  L A S T  I T E R A T I O N  R E S U L T S .
C
C DO Y O U  W A N T  R A N D O M  N O I S E  A D D E D  TO S E I S M I C  S Y N T H E T I C ?
Cc * * * * * * * *  t h e  r a n d o m  n o i s e  i s  C O N T A I N E D  IN A F I L E  N A M E D  
C N Q I S E . D A T .  T H E  P R O G R A M  W I L L  C A L C U L A T E  A N D  P R I N T  O U T
C ON T H E  t e r m i n a l  T H E  R M S  V A L U E  OF  T H E  N O I S E .
C
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C D O  Y O U  W A N T  W A V E L E T  C O N V O L V E D  W I T H  S E I S M I C  S Y N T H E T I C ?
C
C * * * * * * * *  t h e  S E I S M I C  S Y N T H E T I C  D E N O T E S  T H E  " O B S E R V E D  T R A C E "  .
C T H E  W A V E L E T  IS C O N V O L V E D  W I T H  T H E  R E F L E C T I V I T Y  S E R I E S
C TO P R O D U C E  A S Y N T H E T I C  M O D E L  T R A C E .
CC D O  Y O U  W A N T  W A V E L E T  C O N V O L V E D  W I T H  C A L C U L A T E D  S Y N T H E T I C ?
CC * * * * * * * *  T H I S  A L L O W S  T H E  C A L C U L A T E D  S Y N T H E T I C  T O  B E  C O N V O L V E D
C w i t h  E I T H E R  N O  W A V E L E T ,  T H E  S A M E  W A V E L E T  AS IS
C C O N V O L V E D  W I T H  T H E  " O B S E R V E D  D A T A "  OR A D I F F E R E N Tc w a v e l e t .
CC N A M E  t h e  F I L E  C O N T A I N I N G  T H E  W A V E L E T  TO B E  C O N V O L V E D  W I T H
C S E I S M I C  S Y N T H E T I C ?
CC * * * * * * * *  IP A W A V E L E T  IS TO B E  C O N V O L V E D  W I T H  T H E  " O B S E R V E D
C D A T A "  T H E  P R O G R A M  R E A D S  T H E  W A V E L E T  C O E F F I C I E N T S
C F R O M  T H I S  F I L E .
C
C N A ^ E  T h e  f i l e  C O N T A I N I N G  T H E  W A V E L E T  TO B E  C O N V O L V E D  W I T H
C T H E  C A L C U L A T E D  S Y N T H E T I C ?
CC * * * * * * * *  T H I S  F I L E  M A Y  BE  E I T H E R  T H E  S A M E  OR D I F F E R E N T  F R O M
C T H E  F I L E  C O N T A I N I N G  T H E  W A V E L E T  T O  B E  C O N V O L V E D  W I T H
C T H E  " O B S E R V E D  D A T A " .
CC I N D I C A T E  H O W  Y O U  W A N T  O B S E R V E D  S Y N T H E T I C  S C A L E D
C 1 = C 0 N S T A N T , 2 = L I N E A R , 3 = E X P 0 N E N T I A L  ,4 = N 0 N Ec
C * * * * * * * *  A F T E R  A S Y N T H E T I C  M O D E L  T R A C E  R E P R E S E N T I N G  T H E
C O B S E R V E D  T R A C E  IS C A L C U L A T E D ,  IT M A Y  B E  S C A L E D .
C T H E  F O L L O W I N G  Q U E S T I O N S  W I L L  BE  A S K E D  O N L Y
C IF S C A L I N G  IS D E S I R E D .
C
C W H A T  IS C O N S T A N T  S C A L I N G  F A C T O R ?
CC * * * * * * * *  T H I S  F A C T O R  IS M U L T I P L I E D  T I M E S  E V E R Y  T R A C E  C O E F F I C I E N T
C
C W H A T  IS L I N E A R  I N C R E M E N T  F O R  S C A L I N G ?
CC * * * * * * * *  a t  E A C H  S U C C E S IVE T I M E  L A Y E R  T H I S  I N C R E M E N T  IS A D D E D  TO
C TO T H E  P R E V I O U S  S C A L I N G  F A C T O R  A N D  M U L T I P L I E D  T I M E S
C T H A T  T R A C E  C O E F F I C I E N T .
C T H E  I N I T I A L  S C A L I N G  F A C T O R  IS 1 . 0
C
C W H A T  IS E X P O N E N T I A L  I N C R E M E N T  F O R  S C A L I N G ?
CC * * * * * * * *  AT E A C H  S U C C E S I V E  T I M E  L A Y E R  T H I S  I N C R E M E N T  IS A D D E D  TO
C T H E  P R E V I O U S  E X P O N E N T  S C A L I N G  F A C T O R  A N D  M U L T I P L I E D
C T I M E S  T H A T  T R A C E  C O E F F I C I E N T .



T-2223 145

C T H E  I N I T I A L  E X P O N E N T  IS 0 . 0
C
C N O T E :  IF S C A L I N G  IS P E R F O R M E D ,  T H E  P R O G R A M  W I L L  A D D  T H I S  AS
C A M O D E L  P A R A M E T E R  TO  BE S O L V E D  F O R .
C
C
C
c

D I M E N S I O N  M I P O L G ( l û O ) , S E I S I G ( 1 S O ) , O I F F C I 5 0 ) , I N G E S S ( 1 0 0 )  
D I M E N S I O N  S E I S M D ( 1 5 0 ) , R C L G ( 1 5 0 ) , F I L T ( 1 1 0 ) , R A M O A ( 1 0 1 )  
D I M E N S I O N  P R T ( I O O G O ) , 8 ( 1 0 0 0 0 )  
r e a l  M I P O L G , I N G E S S , L I M I T , L I M I T 0  
d o u b l e  P R E C I S I O N  'F̂'i l  Cl 0 ) , E RR ( 10 )
D O U B L E  P R E C I S I O N  F I L N A M  , F L N A M E  
D A T A  A N S S / ' N G ' /
D A T A  A Y E S / ' Y E S " / , A N Q / ' N G ' / , I N , I O U T , I O U T T Y / 0 2 , 1 1 , 4 /D A T A  F I L / ' F I L 1 . D A T ' , ' F I L 2 . D A T " , ' F I L 3 . D A T ' , ' F I L 4 . D A T ' ,

& ' F I L E . D A T ' , ' F I L 6 . D A T ' , ' F I L 7 . D A T ' , ' F I L 8 . D A T ' ,
& ' F I L 9 . D A T ' , ' F I L I O . O A T ' /D A T A  E R R / ' E R R l . D A T ' , ' E R R 2 . D A T ' , ' E R R 3 . D A T ' , ' E R R 4 . D A T ' ,
& ' E R R 5 . D A T ' , ' E R R 6 . O A T ' , ' E R R 7 . O A T ' , ' E R R 8 . D A T ' ,
L ' E R R 9 . D A T ' , ' E R R 1 0 . D A T ' /
O P E N  ( U M T  = 2 0 , F I L E  = ' R M S . D A T ' )
I T E R  = 0 
H S U M  = 1 0 . C

C
C SET L I M I T S  TO t e r m i n a t e  I T E R A T I O N S  
C L I M I T  = 0 . 0 0 0 0 5  

L I M I T D  = O . O O C l
C
C R E A D  I N P U T  I M P E D A N C E S  F O R  E A R T H  M O D E L  
C W R I T E  ( I 0 U T T Y , 9 8 )

98 F O R M A T  ( I X , ' W H A T  IS Y O U R  I N P U T  F I L E ? ' )
A C C E P T  9 9 ,  F I L N A M

99 F O R M A T  ( A l O )
O P E N  ( U N I T  = IN , F I L E  = F I L N A M )
R E A D  ( I N , 1 0 0 )  N P M , N I M P D , M D L N T H ,  ( M I P D L G ( I ) , I = 1 , M M P D )

1 0 0  F O R M A T  ( I 5 , / , I 5 , / , I 5 , / , ( 8 F 1 2 . 2 ) )
M O  = M D L N T H

CC W R I T E  I N P U T  M O D E L  I M P E D A N C E S  T O  F I L E  F O R  P L O T T I N G  
C

0 P t N C U N I T  = 2 1 , F I L E = F I L ( D )
DO 17 I = 1 , N I M P D  
HOLDI = I ,,u 

17 W R Ï T E ( 2 r , 1 0 7 )  H O L D I , M I P D L G ( I )
1 0 7  F O R M A T  C 1 X , F 5 . 0 , F 1 2 . 2 )

C L O S E  ( U N I T = 2 1 ,  F I L E = F I L ( 1 )  )
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C
C C A L C U L A T E  R E F L E C T I V I T Y  S E R I E S  F R O M  I M P E D A N C E  M O D E L  
C

N P R  = N I M P D
C A L L  I P O R C  ( M I P O L G , N I M P D , R C L G )
c a l l  F W R D  ( R C L G , N P M , S E I S M D , M D L N T H )  v' "

C
C C H E C K  IF I N I T I A L  G U E S S  I S  I N P U T  A N D  IF C O M P L E T E  
C P R I N T O U T  IS R E Q U E S T E D
C

W R I T E  ( I O U T T Y , 1 0 1 )1 0 1  f o r m a t  ( I X , '  A R E  Y O U  I N P U T I N G  I N I T I A L  G U E S S ? ' )
A C C E P T  1 0 2 , A N S

1 0 2  F O R M A T  ( A 4 )
W R I T E  ( I G U T T Y , 1 0 6 )

1 0 6  F O R M A T  ( I X , '  D O  Y O U  W A N T  A C O M P L E T E  P R I N T O U T ? ' )
A C C E P T  1 0 2 ,  A N S 2

C
C W R I T E  M O D E L  I M P E D A N C E S  A N D  O B S E R V E D  S E I S M I C  S Y N T H E T I C  TO 
C F I L E  F O R  S U B S E Q U E N T  P R I N T O U T
C

12 W R I T E  ( I U U T , 1 0 9 )
1 0 9  F O R M A T  C 1 X , T 2 0 , '  M O D E L  I M P E D A N C E S ' , / / )

W R I T E  ( I 0 U T , 1 1 1 )  ( M I P O L G ( I ) ,  1 = 1 , N I M P D )
1 1 1  F O R M A T  ( 1 X , ( 1 2 F 1 0 . 2 ) )

W R I T E  ( T O U T , 1 1 0 )
1 1 0  F O R M A T  ( I X , / / / , T 2 0 , '  O B S E R V E D  S E I S M I C  S Y N T H E T I C ' , / / )

W R I T E  ( T O U T , 1 0 4 )  ( S E I S M D ( J ) , J = 1 , M D L N T H )
1 0 4  F O R M A T  ( 1 X , ( 1 2 F 1 0 . 6 )  )

W R I T E  ( I 0 U T T Y , 1 1 2 )
C
C C H E C K  IF R A N D O M  N O I S E  IS TO B E  A D D E D  T O  S E I S M I C  S Y N T H E T I C .
C IF Y E S ,  R E A D  N O I S E  F I L E , A D O  TO D A T A ,  A N D  C A L C U L A T E  R M S  A M P L I T U D E
C

1 1 2  F O R M A T  ( I X , ' D O  Y O U  W A N T  R A N D O M  N O I S E  A D D E D  TO  S E I S M I C  S Y N T H E T I C ? ' )  
A C C E P T  1 0 2 ,  A N S 3
IF ( A N S 3 . E 0 . A N 0 )  GO T O  20 
O P E N  ( U N I T = 1 ,  F I L E = ' N O I S E . D A T ' )
R E A D  ( 1 , 1 1 3 )  ( R C L G ( I ) ,  1 = 1 , M D L N T H )
C L O S E  ( U N I T = 1 ,  F I L E = ' N O I S E . D A T ' )

1 1 3  F O R M A T  ( F 1 2 . 8 )
S M N O I S  = 0 . 0
DO 21 J = l , M D L N T H  

21 S M N O I S  = S M N O I S  ^ R C L G ( J ) $ * 2  
S M N O I S  = S Q R K S M N O I S / M D L N T H )
W R I T E  ( I 0 U T T Y , 1 1 4 )  S M N O I S

1 1 4  F O R M A T  ( / , 1 X , ' R M S  N O I S E  L E V E L  = ' , F 9 . 6 )S M O A T A  = 0 . 0
00 23 1 = 1 , M D L N T H

2 3  S M D A T A  = S M O A T A  + S E I S M 0 ( I ) * $ 2  
S M O A T A  = S Q R K S M D A T A / M O L N T H )
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W R I T E  ( I 0 U T T Y , ? 4 )  S M O A T A  
24  F O R M A T  ( / , 1 X , ' R M S  D A T A  L E V E L ' , F 9 . 6 )

D O  22 1 = 1 , M D L N T H
22 S E I S M D ( I )  = S E I S M D ( I )  * R C L G ( I )

C
C W R I T E  O B S E R V E D  S E I S M I C  S Y N T H E T I C  W I T H  N O I S E  TO F I L E  
C F O R  S U B S E Q U E N T  P R I N T O U T  
C

W R I T E  ( T O U T , 1 1 5 )
1 1 5  F O R M A T  ( / / / , I X , T 2 0 , ' O B S E R V E D  S E I S M I C  S Y N T H E T I C  W I T H  N O I S E ' )  

W R I T E  ( I 0 U T , 1 0 5 )  ( S E I S M D ( J ) ,  J = l , M D L N T H )
C
C C H E C K  IF A W A V E L E T  IS TO B E  C O N V O L V E D  W I T H  O B S E R V E D  DR 
C C A L C U L A T E D  D A T A  
C

2 0  W R I T E  ( I G U T T Y  ,96 )
96 F O R M A T  ( I X , ' 0 0  Y O U  W A N T  W A V E L E T  C O N V O L V E D  W I T H  S E I S M I C ' ,

& ' S Y N T H E T I C ? ' )
A C C E P T  1 0 2 ,  A N S 4  
IF ( A N S 4 . E 0 .  ANO)r GO T O  30 
W R I T E  ( i O U  T T Y , 1 1 7 )

1 1 7  F O R M A T  ( I X , ' D O  Y O U  W A N T  W A V E L F T  C O N V O L V E D  W I T H  C A L C U L A T E D ' ,
& ' s y n t h e t i c ?')
A C C E P T  1 0 2 ,  A N S 5

C
C A D J U S T  I T E R A T I O N  L I M I T S  IF W A V E L E T  C O N V O L U T I O N  IS P E R F O R M E D  
C IF ( A N S 5 . E Q . A Y E S )  L I M I T  = L I M I T  * 0 . 1  

IF ( A N S 5 . E Q . A Y E S )  L I M I T D  = L I M I T D  * 0 . 0 1
CC R E A D  IN w a v e l e t  C O E F F I C I E N T S ,  C O N V O L V E ,  A N D  W R I T E  T O  F I L E
C

W R I T E  ( I 0 U T T Y , 2 8 )
28 F O R M A T  ( I X , ' N A M E  T H E  F I L E  C O N T A I N I N G  T H E  W A V E L E T  ',

& 'TO BE C O N V O L V E D ' , / , '  W I T H  T H E  S E I S M I C  S Y N T H E T I C ' )
A C C E P T  9 9,  F L N A M E
O P E N  ( U N I T = 3 ,  F I L E = F L N A M E )
R E A D  ( 3 , 9 7 )  ( F I L T ( I ) ,  1 = 1 , 3 5 )

97 F O R M A T  ( 2 0 X , 6 X , 1 0 X , F 1 2 . 8)
C L O S E  (tJNIT = 3, F I L E  = F L N A M E )
C A L L  f o l d  ( M D L N T H , S E I S M O , 3 5 , F I L T , L C , S E I S I G )  
n o  95 1 = 1 ,LC

95 S E I S M D ( I )  = S E I S I G ( I )
W R I T E  ( T O U T , 1 1 6 )

1 1 6  F O R M A T  ( / / / , I X , T 2 0 , ' O B S E R V E D  S E I S M I C  S Y N T H E T I C  W I T H ' ,
& ' C O N V O L V E D  W A V E L E T ' )
W R I T E  ( I 0 U T , 1 0 5 )  ( S E I S M D ( J ) ,  J = l , M D L N T H )
IF ( A N S 5 . E Q . A N D )  G O  T O  30 
W R I T E  ( I 0 U T T Y , 2 9 )

2 9  F O R M A T  ( I X , ' N A M E  TH E  F I L E  C O N T A I N I N G  T H E  W A V E L E T  ',
& 'T O  BE C O N V O L V E D ' , / , '  W I T H  T H E  C A L C U L A T E D  S Y N T H E T I C ' )
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A C C E P T  99 , F L N A M E
O P E N  ( U N I T = 8 ,  F I L E = F L N A M E )
R E A D  ( 8 , 9 7 )  ( F I L T ( I ) ,  1 = 1 , 3 5 )
C L O S E  ( U N I T = 8 ,  F I L E = F L N A M E )

C
C S C A L E  d a t a  A C C O R D I N G  TO C O M M A N D  
C

30 IF ( A N S 4 . E Q . A Y E S )  M D  = L C  
W R I T E  ( I 0 U T T Y , 9 0 )

90 F O R M A T  ( I X , ' I N D I C A T E  H O W  Y O U  W A N T  O B S E R V E D  S Y N T H E T I C  S C A L E D ' , / ,  
& 1 X , ' 1 = C 0 N S T A N T , 2 = L I N E A R , 3 = E X P 0 N E N T I A L , 4 = N 0 N E ' )
A C C E P T  9 1 ,  S C A L E

91 F O R M A T  ( F 5 . 0 )
S C L  = S C A L E
IF ( S C L . N E . 4 . 0 )  N P R  = N I M P D  f 1 
IF (S C  A L E . E Q .  1 . 0 )  G O  T O  92
IF ( S C A L E . E Q . 2 . 0 )  G O  TO 9 3
IF ( S C A L E . E Q . 3 . 0 )  G O  TO 94 ''S
IF ( S C A L E . E Q . 4 . 0 )  G O  T O  2 7

92  W R I T E  ( I 0 U T T Y , 8 1 )
81 F O R M A T  ( I X , ' W H A T  IS C O N S T A N T  S C A L I N G  F A C T O R ? ' )

A C C E P T  91, S C A L E
D O  82 1 = 1 , MD

82 S E I S M O ( I )  = S C A L E  ♦ S E I S M D ( I )
G O  TO  2 6

93 W R I T E  ( l O U T T Y  ,8 3)
83 F O R M A T  ( I X , ' W H A T  IS  L I N E A R  I N C R E M E N T  F O R  S C A L I N G ? ' )

A C C E P T  91, S C A L E
S C A L E R  = 1 . 0  
DO 84 1 = 1 , MO
S E I S M D ( I )  = S E I S M D ( I )  ♦ S C A L E R

84 S C A L E R  = S C A L E R  ♦ S C A L E  
G O  TO 26

94 W R I T E  ( I 0 U T T Y , 8 5 )
85 F O R M A T  ( I X , ' W H A T  IS E X P O N E N T I A L  I N C R E M E N T  F O R  S C A L I N G ? ' )

A C C E P T  91, S C A L E
S C A L E R  = 0 . 0  
DO 86 1 = 1 , MD
S E I S M D ( I )  = S E I S M D ( I )  * E X P ( S C A L E R )

86 S C A L E R  = S C A L E R  + S C A L E
26 W R I T E  ( I 0 U T , 1 2 3 )

1 2 3  f o r m a t  ( / / / , 1 X , T 2 0 , ' O B S E R V E D  S E I S M I C  S Y N T H E T I C  W I T H ' ,
& ' S C A L I N G  F A C T O R ' )
W R I T E  ( I O U T , 1 0 5 )  ( S E I S M O ( J ) ,  J = l , M D L N T H )

C
C e i t h e r  G E N E R A T E  OR R E A D  I N I T I A L  G U E S S E S  F O R  I M P E D A N C E S
C

27 IF ( A N S . E Q . A Y E S )  GO TO 10 
I N G E S S ( I )  = M I P O L G ( l )
IF ( A N S 4 . E Q . A Y E S )  G O  TO 31 
D O  11 1 = 1 , N P M
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11 I N G E S S ( I + 1 )  = I N G E S S ( I )  ♦ ( 1 . 0  ♦ SE IS M D( I) )/( 1. 0 - S E I S M O ( D )
G O  TO 32

31 0 0  13 1 = 1 , N P M
13 I N G E S S ( I + 1 )  = I N G E S S ( I )  ♦ ( 1 . 0  + S E I S  M O ( I * 1 7  ) ) / ( 1 . 0  - S E I S M O ( I ♦ 1 7 ) )
32 IF ( S C L . N E . 4 . 0  I N G E S S ( N P R )  = - 0 . 0 1  

IF ( S C L . E Q . 1 . 0 )  I N G E S S ( N P R )  = 1 . 0  
GO TO 25

10 R E A D  ( I N , 1 0 3 )  ( I N G E S S ( I ) , 1 = 1 , N P R )
_ ^ 1 0 3  F O R M A T  ( 8 F 1 2 . 2 )
C
C B E G I N N I N G  OF I N V E R S I O N  I T E R A T I O N  L O O R  
C

25 I H Û L D  = I T E R  ^ 2 ,
O P E N  ( U N I T  = 21 ; F I L E  = F I L ( I H O L D )  )
O P E N  ( U N I T  = 19, F I L E  = E R R ( I H O L O ) )
00  18 1 = 1 , N P R
H O L D I  = I 

19 W R I T E  ( 2 1 , 1 0 7 )  H O L D I , I N G E S S ( I )
C L O S E  ( U N I T  = 2 1 ,  F I L E  = F I L ( I H O L O )  )

C
C C A L C U L A T E  F O R W A R D  S O L U T I O N  F O R  I N I T I A L  G U E S S  P A R A M E T E R S
C

c a l l  I P D R C  ( I N G E S S , N I M P D , R C L G )
C A L L  F W R D ( R C L G , N P M , S E r S I G , M D L N T H )
IF ( A N S 5 . E G . A N D )  GO TO 1 2 2
C A L L  F O L D ( M D L N T H , S E I S I G , 3 5 , F I L T , L C , R C L G )
D O  121 N = l , M D L N T H

12 1  S E I S I G ( N )  = R C L G ( N ) _  -,
1 2 2  S C A L F C  = I N G E S S ( N P R )IF ( S C L . N E . 4 . 0 )  C A L L  S C A L  ( S E I S I G , S C A L F C , S C L , M D L N T H )

" n o  131 K = l , M D L N T H  
D I F F ( K )  = S E I S M D ( K )  - S E I S I G ( K ) ,
H O L D K  = ' K

1 3 1  W R I T E  ( 1 9 , 1 3 2 )  H O L D K , D I F F ( K )
1 3 2  F O R M A T  ( F 5 . 0 , F 1 2 . 8 )

C L O S E  ( U N I T = 1 9 ,  F IL E  = E R R ( I H O L D ) )
C A L L  E R R M S  ( S E I S M D , S E l S I G , O I F F , M D L N T H , S U M )
O S U M  = A B S ( H S U M  - S U M )
H S U M  = SUM 
H O L D I  = ITE,R
W R I T E  ( 2 0 V * 1 0 8 )  H O L D I , S U M  

1 0 8  F O R M A T  ( 1 X , F 5 . 0 , F 1 0 . 6 )
IF ( A N S 2 . E Q . A N 0  . A N D .  S U M . G T . L I M I T )  G O  TO 16 
W R I T E  ( T O U T , 1 2 0 )  I T E R ,  ( I N G E S S ( I ) , 1 = 1 , N I M P D )

CC W R I T E  I N T E R M E D I A T E  I T E R A T I O N  R E S U L T S  TO F I L E  F O R  P R I N T O U T  
C 1 2 0  F O R M A T  ( / / / , 1 X , T 2 C , '  I T E R A T I V E  S O L U T I O N  I M P E D A N C E  M O D E L  

L 1 3,  / / , ( 1 2 F 1 0 . 2 ) )
IF ( S C L . N E . 4 . 0 )  W R I T E  ( T O U T , 1 2 5 )  I N G E S S ( N P R )

1 2 5  F O R M A T  ( / , I X , ' S C A L I N G  F AC T O R = ' , F 1 0 . 5 , / )
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W R I T E  ( I O U T , 1 3 0 )  I T E R  
13 0  F O R M A T  C / / / , T 2 0 » '  S E I S M I C  S Y N T H E T I C  M O D E L  * ' , I 3 )

W R I T E  ( l O U T ,  1 0 5 )  ( S E I S I G ( I ) , 1 = 1 , M D L N T H )
1 0 5  F O R M A T  ( / / , 1 X , C 1 2 F 1 0 . 6 ) )

C
C C H E C K  TO B R A N C H  O U T  O F  L O O P  
C

16 IF ( O S u M  . L T .  L I M I T D )  G O  TO 15
IF ( S U M . L E . L I M I T  . O R .  I T E R . G E . B )  G O  TO 15

C
C C A L C U L A T E  P A R T I A L  D E R I V A T I V E  M A T R I X  A N D  S I N G U L A R  V A L U E
C D E C O M P O S I T I O N  S O L U T I O N  
C C A L L  F D P A R T  ( P R T , I N G E S S , S E I S I G , N P M , M D L N T H , N I M P D , F I L T , A N S 5 , S C L , 1) 

T I M E l  = R U N T I M ( D U M )
C A L L  S V D ( P R T ,  B, D I F F , S E T S M D , S U M , N P M , M D L N T H , I T E R , D F , I N G E S S , N I M P D ,

& F I L T , A N S 5 , S C L , R A M 0 A )
T I M E 2  = R U N T I M ( O U M )
T I M E  = T I M £2 - T I M E l  
I T E R  = I T E R  + 1 
W R I T E  ( 4 , 1 8 0 )

I R Q  F O R M A T  ( I X , '  I T E R A T I O N  T I M E  IN S V O  S U B R O U T I N E ' )
W R I T E  ( 4 , 1 9 3 )  I T E R , T I M E  

1 9 0  F O R M A T  ( 1 X , / , 16 , 1 8 X ,F 1 2 . 2 , / )
CC ADD p a r a m e t e r  C O R R E C T I O N S  A N D  B R A N C H  T O  B E G I N N I N G  O F  L O O P  
C

C A L L  D I F A D 0 ( D I F F ,  I N G E S S , I N G E S S , N P R , S C L )
G O  TO 25

C
C c a l c u l a t e  a n d  W R I T E  P A R T I A L  D E R I V A T I V E S  A N D  S T A N D A R D  
C D E V I A T I O N  F O R  P A R A M E T E R  C O R R E C T I O N S  F O R  L A S T  I T E R A T I O N
C

15 N O  = N P R  - 1
l O P E N  = I H O L D  - 1
O P E N  ( U N I T = 2 1 ,  F I L E = F I L ( I O P E N ) )
R E A D  ( 2 1 , 1 4 6 )  ( I N G E S S ( I ) ,  1 = 1 , N P R )

1 4 6  F O R M A T  ( 1 X , 5 X ,F 12 .2 )
C L O S E  ( U N I T  = 21 , F I L E = F  I L ( I O P E N ))
C A L L  I P D R C  ( I N G E S S , N I M P D , R C L G )  
c a l l  F W R D ( R C L G , N P M , S E I S I G , M D L N T H )
IF ( A N S 5 . E Q . A N 0 )  G O  T O  15 2
C A L L  F O L D ( M D L N T H , S E I S I G , 3 5 , F I L T , L C , R C L G )
D O  151 N = l , M D L N T H

1 5 1  S E I S I G ( N )  = R C L G ( N )
1 5 2  SCALFC. = I N G E S S ( N P R )IF ( S C L . N E . 4 . 0 )  C A L L  S C A L  ( S E I S I G , S C A L F C , S C L , M D L N T H )

O P E N  ( U N I T = 1 6 ,  F I L E = ' 0 B C A L . D A T ' )
W R I T E  ( 1 6 , 1 3 4 )  ( S E I S M D ( I ) , S E I S I G ( I ) ,  1 = 1 , M D L N T H )C L O S E  ( U N I T  = 16 , F IL E = ' O R C A L . O A T  ' )
C A L L  F D P A R T  ( P R T , I N G E S S , S E I S I G , N P M , M D L N T H , N I M P D , F I L T , A N S 5 , S C L ,2)'
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NI = 1
O P E N  ( U N I T = 1 8 , c i L E = ' P A R T L . D A T ' )  no 1 3 3  K L = 1 , M 0 L N T H  
NF = NI + N P R  - 2
W R I T E  ( 1 8 , 1 3 4 )  ( P R T ( N A ) ,  N A = N I , N F , 7 )

1 3 3  NT = NI + N P R  - 1
1 3 4  F O R M A T  ( 1 2 F 1 0 . 6 )

C L O S E  ( U N T T  = 1 8 ,  F ILE = ' P A R T L  . O A T  ' )
N N N  = N P M
IF ( S C L . N E . 4 . 0 )  N N N  = N I M P D
C A L L  H Y S V O ( P R T , B , R A M O A  , M D L N T H , N N N , . T R U E . , . T R U E . ,2 )
00 141 1 = 1 , N O
R A M D A ( I )  = R A M D A ( I )  ** 2

1 4 1  R A M D A ( I )  = ( R A * D A ( I )  * O . O l )  / ( ( R A M O A ( I )  + D F * * 2 )  * * 2 )  
NC = 0
DO 14 2  J = 1 , N D  
D I F F ( J )  = 0 . 0  
DO 1 4 3  1 = 1 , N D

1 4 3  O i r r ( J )  = ( 3 ( N C + I ) * * 2 )  * R A M D A ( I )  f D I F F ( J )
NC = NC + NO

142 O I F F ( J )  = S Q R T ( D I F F ( J ) )
O P E N  ( U N I T  = 1 7 ,  F I L E = ' S D E V . O A T ' )
W R I T E  ( 1 7 , 1 4 4 )  ( D I F F ( J ) ,  J = 1 , N 0 )

1 4 4  F O R M A T  ( 1 0 F 1 2 . 6 )
C L O S E  ( U N I T = 1 7 ,  F I LE = ' S H E  V . 0 AT  V)
W R I T E  ( T O U T , 1 4 0 )  SUM 

1 4 0  f o r m a t  ( / / / / , I X , ' R M S  E R R 0 R = ' , F 8 . 5 )C L O S E  ( U N I T = T N , F I L E = F I L N A M )
C L O S E  ( U N I T = 2 0 ,  F I L E =  ' R M S . D A T ' )
S T O PE N D
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C
Ccc S U B R O U T I N E  F W R D  C A L C U L A T E S  T H E  F O R W A R D  S O L U T I O N  F R O M  AN I N P U T  
C SE T  O F  R E F L E C T I O N  C O E F F I C I E N T S .  T H E  F O R W A R D  S O L U T I O N  T A K E S  I N T O  
C A C C O U N T  P R I M A R I E S ,  M U L T I P L E S ,  A N D  T R A N S M I S S I O N  L O S S E S .
Cc 
c
C S A M P L E  C A L L  S T A T E M E N T :  C A L L  F W R D ( R F C O E F , N P M  , S E I S ,M D L N T H )
Cc
C i n p u t : R F C O E F  = A R R A Y  C O N T A I N I N G  R E F L E C T I O N  C O E F F I C I E N T S
C N P M  = N U M B E R  OF R E F L E C T I O N  C O E F F I C I E N T S
C M D L N T H  = n u m b e r  OF T I M E  U N I T S  TO BE C A L C U L A T E D  F O R
C F O R W A R D  S O L U T I O N
C 
C
C o u t p u t : S E I S  = A R R A Y  C O N T A I N I N G  F O R W A R D  S O L U T I O N  OR
C S E I S M I C  S Y N T H E T I C
C
Cc c

S U B R O U T I N E  F W R Q  ( R F C O E F , N P M , SE I S , M D L N T H )
D I M E N S I O N  R F C O E F ( N P M )  , S E T  S ( M O L N T H ) ,  AO NE ( 1 0 - C  ), B O N E  ( 1 0 0 )K E N D  - NPM. - 1 
A O N E ( l )  = 1. 0  B O N E ( l )  = R F C O E F ( N P M )
D O  10 I = K E N D , 1 , - 1
II = N P M  - I 
DO 20 J = I I , 1  ,-l 

20 B 0 N E ( J + 1 )  = R O N E ( J )
B O N E ( l )  = R F C O E F ( I ) * A O N E ( 1 )
IF  ( I I . L T . 2 )  G O  TO 4 0  
DO  30 K = ? , I T  
S A V E  = A O N E ( K )
A O N E ( K )  = A O N E ( K )  + R F C O E F ( I ) * 3 0 N E ( K )
B O N E ( K )  = R F C O E F ( I ) * S A V E  f B O N E ( K )

30 C O N T I N U E
4 0  A 0 N E ( I I + 1 )  = R F C O E F ( I )  ♦ 8 0 N E ( I I + 1 )
10 C O N T I N U E

C A L L  P O L Y O V  ( N P M , A O N E , N P M , B O N E , M D L N T H , SE IS )
R E T U R N
E N D



T-2223 153

S U B R O U T I N E  Z E R O  S T O R E S  A F L O A T I N G - P O I N T  N U M B E R  Z E R O  
IN E A C H  S T O R A G E  L O C A T I O N  OF AN A R R A Y

( P R O G R A M  IS T A K E N  F R O M  M U L T I C H A N N E L  T I M E  S E R I E S  A N A L Y S I S  
W I T H  D I G I T A L  C O M P U T E R  P R O G R A M S ,  R O B I N S O N , 1 9 6 7 )

S A M P L E  C A L L  S T A T E M E N T :  C A L L  Z E R O ( L X , X )

I N P U T  ;

O U T P U T  :

LX = L E N G T H  OF  A R R A Y  X 
X = A R R A Y  T O  BE Z E R O E D

X = Z E R O E D  A R R A Y

S U B R O U T I N E  Z E R O  ( L X , X )  
D I M E N S I O N  X ( L X )
IF ( L X . L E . O )  R E T U R N  
DO  1 1 = 1 , LX

1 X ( I )  = 0. 0  
R E T U R N  
E N D
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S U B R O U T I N E  P O L Y O V  D I V I D E S  O N E  P O L Y N O M I A L  BY A N O T H E R

( P R O G R A M  IS T A K E N  F R O M  M U L T I C H A N N E L  T I M E  S E R I E S  A N A L Y S I S  
W I T H  D I G I T A L  C O M P U T E R  P R O G R A M S ,  R O B I N S O N , 1 9 6 7 )

S A M P L E  C A L L  S T A T E M E N T :  C A L L  P O L Y 0 V ( N , D V S ,M , D V D ,L , Q )

i n p u t :

O U T P U T

N = L E N G T H  O F  D I V I S O R  P O L Y N O M I A L  
C V S  = A R R A Y  C O N T A I N I N G  D I V I S O R  P O L Y N O M I A L '  

M = L E N G T H  OF D I V I D E N D  P O L Y N O M I A L  
D V D  = A R R A Y  C O N T A I N I N G  D I V I D E N D  P O L Y N O M I A L  

L = L E N G T H  OF D E S I R E D  O U T P U T  Q U O T I E N T

Q = A R R A Y  C O N T A I N I N G  T H E  Q U O T I E N T  O F  D V Ü / O V S

S U B R O U T I N E  P O L Y D V ( N , D V S , M , D V D , L , Q )  
D I M E N S I O N  D V S ( N ) , D V D ( M ) , 3 ( L )C A L L  Z E R O  ( L , Q )
C A L L  M O V E  ( M I N O ( M , L ) , D V O , Q )
D O  10 1 = 1 , L
0 ( 1 )  = 0 ( I ) / D V S ( 1 )
IF ( I . E Q . L )  R E T U R N  
K = I
i s u a  = M I N 0 ( N - 1 , L - I )
D O  10 J = 1 , I S U B  
K = K + 1 

1C Q ( K )  = 0 ( K )  - 0 ( I ) * D V S ( J + 1 )
R E T U R N
E N D
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S U B R O U T I N E  M O V E  M O V E S  A N  A R R A Y  F R O M  O N E  S T O R A G E  L O C A T I O N  
T O  A N O T H E R

( P R O G R A M  IS T A K E N  F R O M  M U L T I C H A N N E L  T I M E  S E R I E S  A N A L Y S I S  
W I T H  d i g i t a l  C O M P U T E R  P R O G R A M S ,  R O B I N S O N , 1 9 6 7 )

S A M P L E  C A L L  S T A T E M E N T :  C A L L  M O V E  ( L X , X , Y )

I N P U T :

O U T P U T  :

LX = L E N G T H  O F  A R R A Y  X TO BE M O V E D  T O  A R R A Y  Y 
X = A R R A Y  TO BE M O V E D

Y = a r r a y  T H A T  C O N T A I N S  T H E  V A L U E S  ( L X  I N  N U M B E R )  
O R I G I N A L L Y  C O N T A I N E D  I N  A R R A Y  X

S U B R O U T I N E  M O V E  ( L X , X , Y )  
D I M E N S I O N  X ( L X ) , Y ( L X )
00 1 1 = 1 , L X

1 Y ( I )  = X( I  )R E T U R N
E N D
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S U B R O U T I N E  F O L D  C O M P U T E S  T H E  P R O D U C T  O F  T W O  P O L Y N O M I A L S

( P R O G R A M  IS T A K E N  F R O M  M U L T I C H A N N E L  T I M E  S E R I E S  A N A L Y S I S  
W I T H  D I G I T A L  C O M P U T E R  P R O G R A M S ,  R O B I N S O N , 1 9 6 7 )

s a m p l e  C A L L  s t a t e m e n t : C A L L  F O L D ( L A  , A , L B  , 8 , L C  ,C )

i n p u t :

O U T P U T  :

L A  = L E N G T H  OF F I R S T  P O L Y N O M I A L  M U L T I P L I E R  
A = A R R A Y  C O N T A I N I N G  T H E  F I R S T  P O L Y N O M I A L  M U L T I P L I E R  

L B  = L E N G T H  OF S E C O N D  P O L Y N O M I A L  M U L T I P L I E R  
8 = A R R A Y  C O N T A I N I N G  T H E  S E C O N D  P O L Y N O M I A L  M U L T I P L I E R

L C  = L E N G T H  O F  P R O D U C T  OF A * B  ( L A + L B - 1 )
C = A R R A Y  C O N T A I N I N G  T H E  P O L Y N O M I A L  W H I C H  IS T H E  P R O D U C T  

O F  A * 8

S U B R O U T I N E  F O L D  ( L A , A , LB , B , LC , C ) 
D I M E N S I O N  A ( L A ) , 3 ( L B ) , C ( L C )
LC = LA + L B  - 1 
c a l l  Z E R O  ( L C , C )
DO 1 1 = 1 , L A
D O  1 J = 1 , L 8
K = I + J - 1
C ( K )  = C ( K )  f A ( I ) * B ( J )
R E T U R N
E N D



T-2223 157

S U B R O U T I N E  I P D R C  C A L C U L A T E S  T H E  R E F L E C T I O N  C O E F F I C I E N T S  F R O M  
T H E  I M P E D A N C E  S E R I E S

S A M P L E  c a l l  S T A T E M E N T :  C A L L  I P D R C ( M I P O L G , N I M P D , R C L G )

i n p u t :

O U T P U T  :

M I P D L G  = A R R A Y  C O N T A I N I N G  I M P E D A N C E  S E R I E S  
N I M P D  = N U M B E R  OF I M P E D A N C E  L A Y E R S

R C L G  = A R R A Y  C O N T A I N I N G  R E F L E C T I O N  C O E F F I C I E N T S  
G E N E R A T E D  BY I M P E D A N C E  L A Y E R S

S U B R O U T I N E  I P D R C  ( M I P O L G , N I M P D , R C L G )
D I M E N S I O N  M I P O L G ( N I M P D ) , R C L G ( N I M P D )
R E A L  M I P O L G  
DO 10 1 = 2 , N I M P D
J = I- l

10 R C L G ( J )  = ( M I P D L G ( I )  - M I P O L G ( J ) )  / ( M I P D L G ( I )  + M I P D L G ( J ) )R E T U R N
E N D



T-2223 158

S U B R O U T I N E  E R R M S  C O M P U T E S  T H E  T A N G E N T  W E I G H T E D  D I F F E R E N C E  B E T W E E N  
THE O B S E R V E D  A N D  C A L C U L A T E D  S E I S M O G R A M  A N D  C A L C U L A T E S  T H E  R M S  E R R O R

s a m p l e  C A L L  S T A T E M E N T :  C A L L  E R R M S C S E I S M O , S E I S I G , D I F F , M D L N T H , S U M )

INPUT:

OUTPUT :

10

S E I S M O  = A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E  
S E I S I G  = A R R A Y  C O N T A I N I N G  C A L C U L A T E D  D A T A  T R A C E  
M D L N T H  = L E N G T H  TN T I M E  U N I T S  O F  B O T H  O B S E R V E D  A N D  

C A L C U L A T E D  D A T A  T R A C E

D I F F  = A R R A Y  C O N T A I N I N G  T A N G E N T  W E I G H T E D  D I F F E R E N C E
B E T W E E N  T H E  O B S E R V E D  A N D  C A L C U L A T E D  D A T A  T R A C E  

S U M  = R M S  A M P L I T U D E  O F  T H E  U N W E I G H T E D  D I F F E R E N C E S

S U B R O U T I N E  E R R M S C S E I S M D , S E I S I G , D I F F , M D L N T H , S U M )
D I M E N S I O N  S E I S M D C M 0 L N T H ) , S £ I S I G ( M D L N T H ) , D I F F ( M 0 L N T H )
S U M  =  0 . 0
DO 10 1 = 1 , M D L N T H
D I F F ( T )  = S E I S M D ( I )  - S E I S I G ( I )
SU w  = SUM f D I F F ( I ) * * 2
O I F F ( I )  = T A N C S E I S M 0 ( T ) ) - T A N ( S E I S I G C I ) )
S U M  = ( S U M / M D L N T H ) * * . 5  
R E T U R N
r N n
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S U B R O U T I N E  E R M S  C O M P U T E S  T H E  D I F F E R E N C E  B E T W E E N  T H E  O B S E R V E D  A N D  
c a l c u l a t e d  S E I S M O G R A M  A N D  C A L C U L A T E S  T H E  R M S  E R R O R

s a m p l e  c a l l  s t a t e m e n t : C A L L  E R M S C S E I S M D , S E I S I G , D I F F , M D L N T H , S U M )

I N P U T :

O U T P U T  :

S E I S M O  = A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E  
S E I S I G  = A R R A Y  C O N T A I N I N G  C A L C U L A T E D  D A T A  T R A C E  
M D L N T H  = L E N G T H  IN T I M E  U N I T S  O F  B O T H  O B S E R V E D  A N D  

C A L C U L A T E D  D A T A  T R A C E

D I F F  = A R R A Y  C O N T A I N I N G  D I F F E R E N C E  AT E A C H  T I M E  U N I T  
B E T W E E N  O B S E R V E D  A N D  C A L C U L A T E D  D A T A  T R A C E  

S U M  = R M S  A M P L I T U D E  O F  D I F F E R E N C E  A R R A Y

S U B R O U T I N E  E R M S C S E I S M O , S E I S I G , D I F F , M O L  N T H , S U M >
D I M E N S I O N  S E I S M O ( M D L N T H  ) , S E I S I G C M O L N T H ) , D I F F ( M D L N T H )
S U M  = 0 . 0
DO 10 1 = 1 , M D L N T H
D I F F ( I )  = S E I S M O ( I )  - S E I S I G ( I )

10 S U M  = S U M  + D I F F ( I ) * * 2  
SU M  = ( S U M / M D L N T H ) * * . 5  
R E T U R N  
E N D
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S U B R O U T I N E  P O P A R T  C A L C U L A T E S  T H E  P A R T I A L  D E R I V A T I V E  M A T R I X  
U S I N G  T H E  F I N I T E  D I F F E R E N C E  A P P R O A C H

S A M P L E  C A L L  S T A T E M E N T :
C A L L  F D P A R T ( A , I N G E S S , $ E I S I G , N P M , M 0 L N T H , N I M P D , F I L T , A N S 5 , S C L , I W )

I N P U T  :

O U T P U T  :

I N G E S S  = A R R A Y  C O N T A I N I N G  C U R R E N T  V A L U E S  F O R  M O D E L
P A R A M E T E R S  ( I M P E D A N C E S  f S C A L E  F A C T O R  IF A P P L . )  

S E I S I G  = A R R A Y  C O N T A I N I N G  S Y N T H E T I C  S E I S M Q G R A M  G E N E R A T E D  
BY C U R R E N T  M O D E L  P A R A M E T E R S  

N P M  = n u m b e r  o f  R E F L E C T I O N  C O E F F I C I E N T S  IN M O D E L
M U L N T H  = N U M B E R  OF V A L U E S  IN S Y N T H E T I C  S E I S M Q G R A M
N I M P D  = n u m b e r  OF I M P E D A N C E S  IN M O D E LF I L T  = A R R A Y  C O N T A I N I N G  C O E F F I C I E N T S  OF W A V E L E T  T O  BE

C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO P R O D U C E  
S Y N T H E T I C  S E I S M O G R A M  

A N S S  = L O G I C A L  V A R I A B L E  D E T E R M I N I N G  W H E T H E R  F i L T
M U S T  B E  C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO 
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M  

S C L  - N U M B E R  C O D E  W H I C H  D E N O T E S  W H A T  T Y P E  OF G A I N  M U S T
BE  A P P L I E D  TO D A T A  TO P R O D U C E  S Y N T H E T I C  S E I S M O G R A M  

IW = N U M B E R  C O D E  W H I C H  D E N O T E S  W H E T H E R  P A R T I A L  D E R I V A T I V E S  C A L C U L A T E D  A R E  TO B E  W E I G H T E D
1 = W E I G H T E D
2 -  U N W E I G H T E D

A = A R R A Y  C O N T A I N I N G  P A R T I A L  D E R I V A T I V E  M A T R I X  IN 
O N E  D I M E N S I O N A L  F O R M ;  M D L N T H  R O W S  O F  N P R - 1  
L E N G T H .

N P R - 1  = N P M  F O R  N O  G A I N  C A S E  
N P R - 1  = N I M P D  F O R  G A I N  C A S E

S U B R O U T I N E  F O P A R T C A , I N G E S S , S E I S I G , N P M , M D L N T H , N I M P D , F I L T , A N S 5 , S C L ,  
& I W)
D I M E N S I O N  A ( I O O C O ) , I N G E S S C N P M ) , S E I S I G C M D L N T H )
D I M E N S I O N  S E I S I C ( 1 5 0 ) , R C L G C 1 5 0 )  , F I L T ( 1 1 0 )
R E A L  I N G E S S
D A T A  A Y E S / ' Y E S ' / , A N O / ' N O V  
N P R  = N I M P D
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IF ( S C L . N E . 4 . 0 )  N P R  = N I M P D  ♦ 1
C
C O U T E R  DO L O O P  C A L C U L A T E S  P A R T I A L S  W I T H  R E S P E C T  T O  A S I N G L E  P A R A M E T E R  
C

DO  10 1 = 2 , N P R
IJ = T - 1 
P H O L D  = I N G E S S ( I )

C
C C A L C U L A T E  A S E I S M I C  S Y N T H E T I C  F R O M  P E R T U R B E D  M O D E L  P A R A m F T E O S
C -I N G E S S ( I )  = I N G E S S ( I )  * 1.1

c a l l  I P D R C  ( I N G E S S , N I M P D , R C L G )
C A L L  F W R D ( R C L G , N P M , S ET S I C , M D L N T H )
IF ( A N S 5 . E Q . A N 0 ) y GO  TO 1 6
C A L L  F O L D ( M O L N T H , S E I S I C , 3 5 , F I L T , L C , R C L G )
D O  15 N = l , M D L N T H

15 S E I S I C ( N )  = R C L G ( N ) ^
16 S C A L F C  = I N G E S S ( N P R )

IF ( S C L . N E . 4 , 0 )  C A L L  S C A L ( S E I S I C , S C A L F C » S C L , M D L N T H )
IF ( I . E Q . N P R  . A N D .  S C L . N E . 4 . 0 )  G O  TO 50 
IF ( I . L E . 2) G O  TO 30 
IF ( A N S 5 . E 0 . A Y E S )  GO TO 30

C
C I N S E R T  A L L  Z E R O  P A R T I A L  D E R I V A T I V E S  I N T O  M A T R I X  
C

L = I - 2 
DO 2 0 K = 1 , L
A ( I J )  = 0 . 0

2 0 IJ = IJ + N P R  - 1
3 0 C O N T I N U E

' II = I - 1
C
C I N N E R  L O O P S  C A L C U L A T E  P A R T I A L S  AT E A C H  T I M E  L A Y E R
C IF ( A N S 5 . E C . A Y E S )  II = 1 

DO 4 0  J = I I , M D L N T H  
ir ( I W . E Q . 2 )  G O  TO 39
A ( I J )  = ( T A N ( S E I S I C ( J ) ) - T A N ( S E I S I G ( J ) ) ) * 2 4 . 1 5 8 8 5 7 9 3  
GO TU 4 0

39 A ( I J )  = ( S E I S I C ( J )  - S E I S I G ( J ) )  / ( I N G E S S ( I )  - P H O L D )
40 IJ = IJ + N P R  - 1 
10 I N G E S S ( I )  = P H O L D

G O  TO 70 50 I N G E S S ( N P R )  = P H O L D  
IJ = N I M P D  
DO  60 1 = 1 , M D L N T H
IF ( I W . E Q . 2 )  G O  TO 5 9
A ( I J )  = ( T A N ( S E I S I C ( I ) ) - T A N ( S E I S I G ( I ) ) ) * 2 4 . 1 5 8 8 5 7 9 3
G O  TO 60

59 A ( I J )  = ( S E I S I C ( I )  - S E I S I G ( I ) )  / ( 0 . 0 1  * I N G E S S ( N P R ) )
60 IJ = IJ + N I M P D
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70 C O N T I N U E  
R E T U R N  
E N D
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C
GC S U B R O U T I N E  SC AL S C A L E S  T H E  I N P U T  T R A C E  A C C O R D I N G  T O  I N P U T  P A R A M E T E R S
C
C
CC S A M P L E  C A L L  S T A T E M E N T :  C A L L  S C A L ( S E I S , S C A L F C , S C L , M D L N T H )
CcC I N P U T :  S E I S  = A R R A Y  C O N T A I N I N G  S E R I E S  TO BE S C A L E D
C S C A L F C  = S C A L E  F A C T O R
C S C L  = N U M B E R  C O D E  D E N O T I N G  T Y P E  O F  G A I N  T O  BE A P P L I E D
C 1 = C O N S T A N T  S C A L I N G  F A C T O R
C 2 = l i n e a r l y  I N C R E A S I N G  S C A L I N G  F A C T O R
C 3 = E X P O N E N T I A L L Y  I N C R E A S I N G  S C A L I N G  F A C T O R
C 4 = NO S C A L I N G
C M D L N T H  = L E N G T H  OF S E R I E S  TO B E  S C A L E D
C 
CC O U T P U T :  S E I S  = A R R A Y  C O N T A I N I N G  S C A L E D  S E R I E S
C 
C 
C 
Cc S U B R O U T I N E  S C A L C S E I S , S C A L F C , S C L , M D L N T H )

D I M E N S I O N  S E I S ( M D L N T H )
IF ( S C L . E O . 1 . 0 )  G O  T O  10 
IF ( S C L . E O . 2 . 0 )  G O  TO 20 
IF ( S C L . E Q . 3 . 0 )  G O  TO  30

CC C O N S T A N T  S C A L I N G  
C 1C D O  15 K K = 1 , M D L N T H

15 S E I S ( K K )  = S E I S ( K K )  * S C A L F C
GO  TU 4 0

CC L I N E A R L Y  I N C R E A S I N G  S C A L I N G  
C

20 S C A L E R  = 1 . 0
0 0  25 < < = 1 , M D L N T H
S E I S ( K K )  = S E I S ( K K )  * S C A L E R  

25 S C A L E R  = S C A L E R  f S C A L F C  
G O  TO 4 0

C
C E X P O N E N T I A L L Y  I N C R E A S I N G  S C A L I N G  
C

30 S C A L E R  = 0 . 0
D O  35 K K = 1 , M D L N T H  
S E I S ( K K )  = S E I S ( K K )  * E X P ( S C A L E R )
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35 S C A L E R  = S C A L E R  + S C A L F C  
4 0  C O N T I N U E  

R E T U R N  
E N D
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S U B R O U T I N E  S V O  S O L V E S  T H E  M A T R I X  I N V E R S I O N  E Q U A T I O N  BY 
S I N G U L A R  V A L U E  D E C O M P O S I T I O N

s a m p l e  C A L L  s t a t e m e n t :
C A L L  S V O ( P R T , V , D I F F , S E I S M D , S U M , N P M , M D L N T H , I T E R , O F , I N G E S S ,  N I M P D , F I L T , A N S 5 , S C L , R A M D A )

I N P U T  :

O U T P U T  :

PR T =
Ü I F F  =

S E I S M O  = S U M  = 
N P M  =  

MDLNTH = 
I T E R  = 

I N G E S S  =
NIMPD = 
F I L T  =

A N S 5  = 

S C L  =

P R T  =
V =

D I F F  =
O F  = R A M D A  =

A R R A Y  C O N T A I N I N G  T H E  P A R T I A L  D E R I V A T I V E  M A T R I X  
OF T H E  I N V E R S I O N  E Q U A T I O N
A R R A Y  C O N T A I N I N G  T H E  D I F F E R E N C E  M A T R I X  O F  T H E  
I N V E R S I O N  E Q U A T I O N
A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E  
R M S  a m p l i t u d e  OF U N W E I G H T E D  D I F F E R E N C E  M A T R I X  
N U M B E R  OF R E F L E C T I O N  C O E F F I C I E N T S  IN M O D E L  
N U M B E R  OF V A L U E S  IN S Y N T H E T I C  S E I S M Q G R A M  
I T E R A T I O N  N U M B E R  OF I N V E R S I O N  L O O P  
A R R A Y  C O N T A I N I N G  C U R R E N T  V A L U E S  F O R  M O D E L  
p a r a m e t e r s  ( I M P E D A N C E S  f S C A L E  F A C T O R  IF A P P L . )  
N U M B E R  O F  i m p e d a n c e s  IN M O D E L
A R R A Y  C O N T A I N I N G  C O E F F I C I E N T S  OF W A V E L E T  T O  BE 
C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  T O  P R O D U C E  
S Y N T H E T I C  S E I S M Q G R A M
L O G I C A L  V A R I A B L E  D E T E R M I N I N G  W H E T H E R  F I L T  
M U S T  BE C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO 
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M
N U M B E R  C O D E  W H I C H  D E N O T E S  W H A T  T Y P E  OF G A I N  M U S T  
BE A P P L I E D  T O  D A T A  TO P R O D U C E  S Y N T H E T I C  S E I S M O G R A M

A R R A Y  C O N T A I N I N G  U M A T R I X  F R O M  S I N G U L A R  V A L U E  
D E C O M P O S I T I O N
A R R A Y  C O N T A I N I N G  V M A T R I X  F R O M  S I N G U L A R  V A L U E  
D E C O M P O S I T I O N
A R R A Y  C O N T A I N I N G  W E I G H T E D  C O R R E C T I O N S  F O R  E A C H  
P A R A M E T E R
R E S T  D A M P I N G  F A C T O R
A R R A Y  C O N T A I N I N G  E I G E N V A L U E S  F R O M  S I N G U L A R  V A L U E  
D E C O M P O S T I O N

S U B R O U T I N E  S V D ( P R T , V , D I F F , S E I S M D , S U M , N P M , M D L N T H , I T E R , D F , I N G E S S ,
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& N I M P D , F I L T , A N S 5 , S C L , R A M D A )
D I M E N S I O N  P R T ( l C O O 0 ) , V ( 1 0 O O O ) , n i F F ( M n L N T H ) t S E I S M D C M D L N T H )  
D I M E N S I O N  C K ( 3 ) , E R ( 3  ) , E R R ( 1 0 1 ) , R A M O A ( 1 0 1 ) , H O L D ( 1 0 0 ) , F I L T ( 1 1 C )
R E A L  I N G E S S ( I O O )
N P R  = N P M
IF ( S C L . N E . 4 . 0 )  N P R  = N I M P D  
W R I T E  ( 4 , 9 0 0 )

9 0 0  F O R M A T  ( I X , '  E N T E R I N G  H Y S V D ' )
C
C S I N G U L A R  V A L U E  D E C O M P O S I T I O N  
C C A L L  H Y S V O ( P R T , V , R A M D A , M D L N T H , N P R , . T R U E . , . T R U E . , 1 )

W R I T E  ( 4 , 9 0 1 )9 0 1  F O R M A T  ( I X , '  E X I T I N G  H Y S V D ' )
C
C P E R F O R M  F I R S T  P A R T  O F  M A T R I X  M U L T I P L I C A T I O N  F O R  S O L U T I O N  
C

D O  10 1 = 1 , N P R
H Q L O ( I )  = 0 . 0  
N = I
0 0  10 J = l , M D L N T H
H G L D ( I )  = H G L D ( I )  + P R T ( N ) * D I F F ( J )

10 N = N + N P R  
I H O L O  = I T E R
IF ( I T E R . G T . O  . A N D .  D F . G T . R A M D A ( N P R )) I T E R  = 0 
IF ( I T E R . G T . O )  R A M D A ( N P R + 1 )  = DF

C
C C A L C U L A T E  B E S T  D A M P I N G  F A C T O R  
C C A L L  T E S T R ( R A M D A , V , N P R , C K , E R R , S U M , I T E R , S E I S M D , H O L D , I N G E S S , M D L N T H ,  

& N I M P O , F I L T , A N S 5 , S C L )
C A L L  S E A R C H  ( C K , E R R , R A M D A , V , S E I S M O , N P R , M D L N T H , H O L D , I N G E S S ,

& N I M P D , F I L T , A N S 5 , S C L )
I T E R  = I H Ü L D  
DF = C K ( ? )
W R I T E  ( 4 , 1 8 7 )  OF 

1 8 7  F O R M A T  ( I X , F I  2 . 6 )
C
C P E R F O R M  L A S T  P A R T  O F  M A T R I X  M U L T I P L I C A T I O N  F O R  S O L U T I O N
C

D O  20 1 = 1 , N P R
R A M D A ( I )  = R A M D A C I )  / ( R A M D A ( I ) * * 2  f D F * * 2 )

20 H O L D ( I )  = R A M O A ( I )  * H O L D ( I )
N = 0
D O  30 1 = 1 , N P R
D I F F ( I )  = 0 . 0  
D O  40 J = 1 , N P R  

40 D I F F ( I )  = V ( N + J ) * H O L D ( J )  4 O I F F ( I )
3u N = N 4 N P R  

R E T U R N  
E N D
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S U B R O U T I N E  D I F A O D  A D D S  T H E  P A R A M E T E R  C O R R E C T I O N  T O  T H E  I M P E D A N C E  P A R A

s a m p l e  c a l l  s t a t e m e n t : c a l l  D I F A D D  ( D I F F , I N G E S H , I N G E S S , N P R , S C L )

I N P U T :  D I F F  = A R R A Y  C O N T A I N I N G  W E I G H T E D  P A R A M E T E R  C O R R E C T I O N S
I N G E S S  = M O D E L  P A R A E T E R S  B E F O R E  C O R R E C T I O N  

N P R  = N U M B E R  O F  M O D E L  P A R A M E T E R S
S C L  = n u m b e r  c o d e  W H I C H  D E N O T E S  W H A T  T Y P E  O F  G A I N  M U S T

BE A P P L I E D  T O  D A T A  TO P R O D U C E  S Y N T H E T I C  S E I S M O G R A M

O U T P U T :  I N G E S H  = M O D E L  P A R A M E T E R S  W I T H  P A R A M E T E R  C O R R E C T I O N S

S U B R O U T I N E  D I F A D D  ( D I F F , I N G E S H , I N G E S S , N P R , S C L )
D I M E N S I O N  D I F F ( N P R ) , I N G E S H ( 1 0 0 ) , I N G E S S ( 1 0 0 )
R E A L  I N G E S S ,  I N G E S H

A N D .  D I F F ( N P R - l ) . L E . - O . l O )  D I F F ( N P R - l )  = - 0 . 1 0  
A N D .  D I F F ( N P R - 1 ) . G E . 0 . 1 0 )  D I F F ( N P R - l )  = 0 . 1 0

IF ( S C L . N E . 4 . 0  
IF ( S C L . N E . 4 . 0  
D O  10 1 = 2 , N P R
J = I - 1 
IF ( S C L . N E . 4 . 0  
IF ( S C L . N E . 4 . 0  

10 I N G E S H ( I )  = I N G E S S ( I )  
R E T U R N  
E N D

A N D .  D I F F ( J ) . L E . - 0 . 2 0 )  O I F F ( J )  = - 0 . 2 0  
A N D .  D I F F ( J ) . G E . 0 . 2 0 )  O I F F ( j )  = 0 . 2 0  

♦ ( 1 0 * * O I F F ( I - 1 ) )
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S U B R O U T I N E  T E S T R  F I N D S  T H R E E  P O I N T S  B E T W E E N  W H I C H  T H E  B E S T  
d a m p i n g  f a c t o r  L I E S .  T H E  S U B R O U T I N E  S E A R C H E S  T H R O U G H  T H E  
E I G E N V A L U E S  I N I T I A L L Y .

( W I T H  T H E  E X C E P T I O N  O F  M I N O R  C H A N G E S ,  T H E  P R O G R A M  IS T H A T  
O F  D R .  C H A R L E S  S T O Y E R ,  C S M )

S A M P L E  c a l l  S T A T E M E N T :  C A L L  T E S T R ( R A M D A , V , N P M , C K , E R R , S A V E ,
I T T E R , S E I S M O , H O L D , I N G E S S , M D L N T H , N I M P D , F I L T , A N S 5 , S C L )

I N P U T :  R A M D A  = A R R A Y  C O N T A I N I N G  E I G E N V A L U E S  F R O M  S I N G U L A R
V A L U E  D E C O M P O S I T I O N  

V = A R R A Y  C O N T A I N I N G  V M A T R I X  F R O M  S I N G U L A R  V A L U E  
D E C O M P O S I T I O N  

N P M  = N U M B E R  OF R E F L E C T I O N  C O E F F I C I E N T S  IN M O D E L  
S A V E  = R M S  E R R O R  O F  P R E V I O U S  I T E R A T I O N  

I T T E R  = I T E R A T I O N  N U M B E R  OF I N V E R S I O N  L O O P  
S E I S M D  = A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E  

H O L D  = A R R A Y  C O N T A I N I N G  F I R S T  P A R T  OF M A T R I X  
M U L T I P L I C A T I O N  F O R  S O L U T I O N  

I N G E S S  = A R R A Y  C O N T A I N I N G  C U R R E N T  V A L U E S  F O R  M O D E L
P A R A M E T E R S  ( I M P E D A N C E S  + S C A L E  F A C T O R  IF A P P L . )  

M D L N T H  = N U M B E R  OF V A L U E S  IN S Y N T H E T I C  S E I S M O G R A M  
N I M P D  = N U M B E R  OF I M P E D A N C E S  IN M O D E L  
F I L T  = A R R A Y  C O N T A I N I N G  C O E F F I C I E N T S  OF W A V E L E T  TO 

BE  C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO 
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M  

A N S 5  = L O G I C A L  V A R I A B L E  D E T E R M I N I N G  W H E T H E R  F i L T
M U S T  BE C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO 
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M  

S C L  = N U M B E R  C O D E  W H I C H  D E N O T E S  W H A T  T Y P E  OF G A I N  M U S T
BE A P P L I E D  TO D A T A  T O  P R O D U C E  S Y N T H E T I C  S E I S M O G R A M

o u t p u t : CK = A R R A Y  C O N T A I N I N G  T H R E E  P O I N T S  B E T W E E N  W H T C H
T H E  B E S T  D A M P I N G  F A C T O R  L I E S .

E R R  = A R R A Y  C O N T A I N I N G  T H E  E R R O R S  F O U N D  BY U S I N G  T H E  
T H R E E  D A M P I N G  F A C T O R S  IN A R R A Y  CK

S U B R O U T I N E  T E S T R ( R A M D A , V , N P M , C K , E R R , S A V E , I T T E R , S E I S M O , H O L D ,
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& I N G E S S , M D L N T H , N I M P D , F I L T , A N S 5 , S C L )
R E A L  I N G E S S ( I O O )
D I M E N S I O N  R A M n A ( 1 0 1 ) , S 5 I S M D C 1 0 0 ) , H O L D ( 1 0 0 ) , F I L T ( 1 1 0 )
D I M E N S I O N  C K ( 3 ) , E R R C 1 0 1 )
D I M E N S I O N  V ( I C O O G ) , A ( I O O O O )
NE = N P M  
I T E R  = 0 
W D I T E  ( 4 , 1 1 1 1 )  

n i l  F G R M A T ( '  E N T E R I N G  T E S T R ' )
C
C S E A R C H  A M O N G  E I G E N V A L U E S  F O R  T H R E E  P O I N T S  B E T W E E N  W H I C H  L I E S  
C THE B E S T  D A M P I N G  F A C T O R  
C

IF ( I T T E R . G T . O )  NE = NE + 1 
I T = N E
S A V E 1 0 = 2 . * S A V E  
I N E = N E + 1  
D O  10 1 = 1 , NF 
I N E = I N E - 1
E R R (  I N E ) = E R M S S ( R A M O A , V , S E I S M O , R A M D A ( I N E ) , N P M , M D L N T H , H O L D ,  I N G E S S ,  

& N I M P D , F I L T , A N S 5 , S C L )
I F ( E R R ( T N E )  . G T .  S A V E l O G O  TO 2 0  
I F ( , 9 9 9 9 * E R R ( I N E )  . G E .  E R R ( I T ) ) G O  TO 10 
I T = I N E  

10 C O N T I N U E20 C K ( 2 ) = R A M D A ( I T )
E R 2 = E » R (  IT)
I F ( I T  . N E .  N E ) G O  TO 30

C
C IF M I N I M U M  E I G E N V A L U E  IS N O T  S M A L L  E N O U G H ,  G E N E R A T E  S M A L L E R  N U M B E R  
C

C K ( 1 ) = C K ( 2 ) * . 2ER1 = E R M S S ( R A M D A , V , S E I S M D , C K ( 1 ) , N P M , M O L  N T H , H O L D , I N G E S S , N I M P D ,
& F I L T , A N S 5 , S C L )

25 IF ( E R 1 . G E . E R 2 )  GO TO 40 
C K ( 3 )  = C K ( 2 )
E R 3  = E R 2  
C K ( 2 )  = C K ( 1 )
E R 2  = E R l
C K ( 1 )  = C K ( 2 ) * 0 . 2
E Rl  = E R M S S ( R A M O A , V , S E I S M D , C K ( 1 ) , N P M , M O L  N T H , H O L D , I N G E S S , N I M P D ,

& F I L T , A N S 5 , S C L )
I T E R  = ITER 4 1 
IFdTER.LT.7) G O  TO 25 
G O  T O  40 30 CK(1)=RAM0A(IT41)
ER1=ERR(IT41)

4) I F ( I T  . N E .  1) G O  TO 50c
C IF L A R G E S T  E I G E N V A L U E  IS N O T  L A R G E  E N O U G H ,  G E N E R A T E  L A R G E R  V A L U E  
C
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C K ( 3 ) = C K ( 2 ) * 1 0 .E P 3 = E R M S S ( R A M D A , V , S E I S M n , C K ( 3 ) , N P M , M D L N T H , H O L D , I N G E S S , N I M P D ,  
& F I L T , A N S 5 , S C L )

G O  T O  60 
50 IF ( I T E R . G E . l )  GO  TO 60 C K ( 3 ) = R A M D A ( I T - 1 )

E R 3 = E R R ( I T - 1 )
C
C I N S E R T  E R R O R S  I N T O  A R R A Y
C6 3 E R R ( 1 ) = E R 1

E R R ( 2 ) = E R 2
E R R ( 3 ) = E R 3
R E T U R N
E N D
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S U B R O U T I N E  S E A R C H  T A K E S  T H E  T H R E E  P O I N T S  B E T W E E N  W H I C H  L I E S  THE 
B E S T  D A M P I N G  F A C T O R  A N D  I N T E R P O L A T E S  T O  F I N D  T H E  L E A S T  E R R O R  
D A M P I N G  F A C T O R

( W I T H  T H E  E X C E P T I O N  O F  M I N O R  C H A N G E S ,  T H E  P R O G R A M  IS T H A T  
O F  D R .  C H A R L E S  S T O Y E R ,  C S M )

S A M P L E  C A L L  S T A T E M E N T :  C A L L  S E A R C H ( C K , E R ,R A M O A , V , SE IS M O ,N P M ,
M D L N T H , H O L D , I N G E S S , N I M P D , F I L T , A N S 5 , S C L )

I N P U T  :

O U T P U T  ;

CK =
ER =

R A M D A  =
V =

S E I S E D  = 
N P M  = 

M O L N T H  = 
H O L D  =

I N G E S S  =
N I M P D  = 
F I L T  =
A N S 5  = 

S C L  =

CK
E R

A R R A Y  C O N T A I N I N G  T H R E E  P O I N T S  B E T W E E N  W H I C H  T H E  
B E S T  D A M P I N G  F A C T O R  L I E S
A R R A Y  C O N T A I N I N G  T H E  E R R O R S  F O U N D  B Y  U S I N G  THE 
T H R E E  D A M P I N G  F A C T O R S  IN A R R A Y  CK 
A R R A Y  C O N T A I N I N G  E I G E N V A L U E S  F R O M  S I N G U L A R  
V A L U E  D E C O M P O S I T I O N
A R R A Y  C O N T A I N I N G  V M A T R I X  F R O M  S I N G U L A R  V A L U E  
D E C O M P O S I T I O N
A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E
N U M B E R  OF R E F L E C T I O N  C O E F F I C I E N T S  IN M O D E L
N U M B E R  OF V A L U E S  IN S Y N T H E T I C  S E I S M O G R A M
A R R A Y  C O N T A I N I N G  F I R S T  P A R T  OF M A T R I X
M U L T I P L I C A T I O N  F O R  S O L U T I O N
A R R A Y  C O N T A I N I N G  C U R R E N T  V A L U E S  F O R  M O D E L
P A R A M E T E R S  ( I M P E D A N C E S  f S C A L E  F A C T O R  IF A P P L . )
N U M B E R  OF I M P E D A N C E S  IN M O D E L
A R R A Y  C O N T A I N I N G  C O E F F I C I E N T S  O F  W A V E L E T  TO
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M
L O G I C A L  V A R I A B L E  D E T E R M I N I N G  W H E T H E R  F I L T
M U S T  B E  C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M
N U M B E R  C O D E  W H I C H  D E N O T E S  W H A T  T Y P E  OF G A I N  M U S T  
BE  A P P L I E D  T O  D A T A  TO P R O D U C E  S Y N T H E T I C  S E I S M O G R A M

A R R A Y  C O N T A I N I N G  T H R E E  P O I N T S  W I T H  TH E  C E N T E R  
P O I N T  B E I N G  T H E  B E S T  D A M P I N G  F A C T O R  
A R R A Y  C O N T A I N I N G  T H E  E R R O R S  F O U N D  B Y  U S I N G  THE 
T H R E E  D A M P I N G  F A C T O R S  IN A R R A Y  C K
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S U B R O U T I N E  S E A R C H ( C K , E R , R A M D A , V , S E I S M O , N P M , M O L N T H , H O L D , I N G E S S ,  
& N I M P D , F I L T , A N S 5 , S C L )

I M P L I C I T  L G G I C A L ( L )
R E A L  I N G E S S ( I O O )
D I M E N S I O N  R A M O A C I O 1 ) , S E I S M D ( 1 0 0 ) , H O L 0 ( 1 0 0 ) , F I L T C 1 1 0 )
D I M E N S I O N  C K ( 3 ) , £ R ( 3 )
D I M E N S I O N  V ( 1 0 0 0 0 ) , A ( 1 0 0 0 0 )
W R 1 T E ( 4 , 1 1 1 1 )nil f o r m a k ' e n t e r i n g  s e a r c h ')
ITER=0
S V P = 0 .
SVM=Q.cc C H E C K  TO SEE IF T HE  M I D D L E  P O I N T  OF T H E  T H R E E  P O I N T S  B E T W E E N  W H I C H  

C THE B E S T  D A M P I N G  F A C T O R  L I E S  IS T H F  L E A S T  E R R O R  P O I N T  
C

L T R E N D = L M O N O ( E R )
I F ( L T R E N D ) G 0  TO  1 00  

10 C O N T I N U E
C
C C H E C K  TO SE E  IF C O N V E R G E N C E  IS R E A C H E D  IN D E T E R M I N I N G  
C M I M m U M  e r r o r  P O I N T  
C

I F ( L S H A L ( E R ) ) G Q  TO 2 0 0  
I T E R = I T E R + 1
i r c i T E R  . G T .  9 ) G 0  TO  2 0 0

C
C G E N E R A T E S  I N T E R M E D I A T E  P O I N T S  IN S E A R C H  M I N I M U M  
C

C K P = S Q R T ( S 0 R T ( C K ( 3 ) * C K ( 2 ) * C K ( 2 ) * C K ( 2 ) ) )
C K M = ( C < ( 1 ) * C K ( 1 ) * C K ( 2 ) * C K ( 2 ) * C K ( 2 ) ) * * . 2C

C C A L C U L A T E S  E R R O R S  F O R  I N T E R P O L A T E D  P O I N T S
C

I F C C K P  . N E .  S V P ) E R P = E P M S S ( R A M D A , V , S E I S M D , C K P , N P M , M O L N T H ,
& H O L D , I N G E S S , N I M P D , F I L T , A N S 5 , S C L )

S VP = C K P
I F ( C K *  . N E .  S V M ) E R M = E R M S S ( R A M D A , V , S E I S M D , C K M , N P M , M D L N T H ,

& h o l d , I N G E S S , N I M P D , F I L T , A N S S , S C L )S V M = C K M
I F ( E R P  . G T .  E R M ) G 3  T O  20 
I F ( E R P  . G T .  E R ( 2 ) ) G 0  TO 15

C
C A C C O R D I N G  TO W H E R E  L E A S T  E R R O R  P O I N T  IS,
C A S S I G N S  N E W  V A L U E S  T O  T H R E E  P O I N T S  A N D  T H E I R  E R R O R S  
C

C K ( 1  ) = C K ( 2 )
E R ( 1 ) = E R ( 2 )
C K ( 2 ) = C K P  
E R ( 2 ) = E R P  
G O  TO 10
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15

20

I O C

11 0

200

C K ( 1  ) = C K M  
E R ( 1 ) = E R M  C K ( 3 ) = C K P  
E R ( 3 ) = E R P  
G O  T O  10
I F C E R M  . G T .  E R ( 2 ) ) G Q  TO 15 
C K ( 3 ) = C K ( 2 )
E R ( 3 ) = E R ( 2 )
C K ( 2 ) = C K M  
E R ( 2 ) = E R M  
G O  T O  10 
C O N T I N U E
I F ( E R ( 2 )  . L T .  E R ( 1 ) ) G Ü  T O  110 
C K ( 2 ) = C K ( 1 )
F R ( 2 ) = E R ( 1 )
R E T U R N
IF (  E R C 2 )  . L T .  F R C 3 ) ) R E T U R N  
C K ( 2 ) = C K ( 3 )
E R ( 2 ) = E R ( 3 )R E T U R N
E N D



T-2223 174

CC
Cc F U N C T I O N  L M O N O  D E T E R M I N E S  IF T H E  C E N T E R  P O I N T  OF T H R E E  
C P O I N T S  IS TH E  L E A S T  E R R O R  P O I N T  
C 
CC ( w i t h  T H E  E X C E P T I O N  OF M I N O R  C H A N G E S ,  T H E  P R O G R A M  IS T H A T
C O F  O R .  C H A R L E S  S T O Y E R ,  C S M )
C
cc S A M P L E  c a l l  S T A T E M E N T :  L M O N O ( P )
C
CC i n p u t : P = A R R A Y  C O N T A I N I N G  T H E  E R R O R S  OF T H E  T H R E E  P O I N T S
C
C
C O U T P U T :  L M O N O  = L O G I C A L  V A R I A B L E  D E N O T E S  IF E R R O R  T R E N D
C IS M O N O T O N I E  ( T R U E )  OR IF C E N T E R  IS
C L E A S T  E R R O R  P O I N T  ( F A L S E )
C
Cc c F U N C T I O N  L M C N O ( P )  

i m p l i c i t  L O G I C A L  ( L )
D I M E N S I O N  P ( 3 )
L M 0 N 0 = P ( 1 ) . L T . P ( 2 )  . o r . P ( 3 ) . L T . P ( 2 )
R E T U R N
E N D
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F U N C T I O N  L S H A L  D E T E R M I N E S  IF C O N V E R G E N C E  H A S  B E E N  R E A C H E D  IN S E A R C H  F U R  L E A S T  E R R O R  P O I N T

( W I T H  T H E  E X C E P T I O N  O F  M I N O R  C H A N G E S ,  T H E  P R O G R A M  IS T H A T  
OF O R .  C H A R L E S  S T O Y E R ,  C S M )

s a m p l e  c a l l  s t a t e m e n t : L S H A L ( E )

INPUT : E = A R R A Y  C O N T A I N I N G  T H E  E R R O R S  O F  T H R E E  P O I N T S

O U T P U T  : L S H A L  = L O G I C A L  V A R I A B L E  D E N O T I N G  IF C O N V E R G E N C E  H A S
B E E N  R E A C H E D  ( T R U E )  OR N O T  ( F A L S E )

F U N C T I O N  L S H A L ( E )
I M P L I C I T  L O G I C A L ( L )
D I M E N S I O N  E ( 3 )
E M I N = 1 . 01 
L S H A L  = . F A L S E .
I F ( E ( 1 ) / E ( 2 )  . G T .  E M I N ) R E T U R N  
I F ( E ( 3 ) / E ( 2 )  . G T .  E M I N ) R E T U R N  
L S H A L = . T R U E .R E T U R N
E N D
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F U N C T I O N  E R M S S  C O M P U T E S  T H E  R M S  E R R O R  F O R  DIFFERENT DAMPING F A C T O R S

S A M P L E  C A L L  S T A T E M E N T :  E R M S S ( R A M  0 A , V , SE I S M O , O F , N P P , M O L  N T H ,
H O L D ,  I N G E S S , N I M P D , F I L T , A N S  5 , S C L )

I N P U T : R A M D A  = 
V =

S E I S M D  =
D F  = 

N P R  = 
M O L N T H  = 

H O L D  =
I N G E S S  =
N I M P D  = 
F I L T  =
A N S 5  = 

S C L  =

A R R A Y  C O N T A I N I N G  E I G E N V A L U E S  F R O M  S I N G U L A R  
V A L U E  D E C O M P O S I T I O N
A R R A Y  C O N T A I N I N G  V M A T R I X  F R O M  S I N G U L A R  V A L U E  
D E C O M P G S I T I O N
A R R A Y  C O N T A I N I N G  O B S E R V E D  D A T A  T R A C E  
D A M P I N G  F A C T O R
N U M B E R  O F  P A R A M E T E R S  C O R R E C T I O N S  
N U M B E R  OF V A L U E S  IN S Y N T H E T I C  S E I S M O G R A M  
a r r a y  C O N T A I N I N G  F I R S T  P A R T  O F  M A T R I X  
M U L T I P L I C A T I O N  F O R  S O L U T I O N  
A R R A Y  C O N T A I N I N G  C U R R E N T  V A L U E S  F O R  M O D E L  
P A R A M E T E R S  ( I M P E D A N C E S  f S C A L E  F A C T O R  IF A P P L . )  

N U M B E R  OF I M P E D A N C E S  IN M O D E L  
A R R A Y  c o n t a i n i n g  C O E F F I C I E N T S  OF W A V E L E T  TO 
P R O D U C E  S Y N T H E T I C  S E I S M O G R A M  
L O G I C A L  V A R I A B L E  D E T E R M I N I N G  W H E T H E R  F I L T  
M U S T  B E  C O N V O L V E D  W I T H  R E F L E C T I V I T Y  S E R I E S  TO 
P R O D U C E  S Y N T H E T I C  S E I S M Q G R A MN U M B E R  C O D E  W H I C H  D E N O T E S  W H A T  T Y P E  OF G A I N  M U S T  
BE A P P L I E D  TO D A T A  TO P R O D U C E  S Y N T H E T I C  S E I S M O G R A M

output: E R M S S  = E R R O R  A S S O C I A T E D  W I T H  I N P U T  D A M P I N G  F A C T O R

F U N C T I O N  E R M S S ( R A M D A , V , S E I S M O , D F , N P R , M O L N T H , H O L D , I N G E S S , N I M P O ,  
& F I L T , A N S 5 , S C L )D I M E N S I O N  R A M D A l ( 1 0 0 ) , D E L T A P ( 1 0 0 ) , H Q L n i ( I C O ) , I N G E S H ( I O O )  
D I M E N S I O N  S E I S I C ( 1 5 0 ) , R C L G ( 1 5 0 ) , F I L T ( 1 1 0 )
D I M E N S I O N  R A M D A ( 1 0 1 ) , V ( 1 0 0 0 0 ) , S E I S M O ( M D L N T H ) , H O L O ( 1 C C )  
D I M E N S I O N  I N G E S S ( I O O )
R E A L  I N G E S S , I N G E S H  
D A T A  A N D / ' N O ' /
NPM = NIMPD - 1 
N = 0

S O L V E  F O P  P A R A M E T E R  C O R R E C T I O N S  W I T H  I N P U T  D A M P I N G  F A C T O R
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D O  10 1 = 1 , N P R
R A M D A K I )  = R A M D A C I )  / ( R A M D A ( I ) * * 2  4 D F * * 2 )

10 H O L D l ( I )  = R A M D A 1 ( I ) * H 0 L 0 ( I )
0 0  20 1 = 1 , N P R
D E L T A P ( I )  = 0 . 0  
D O  30 J = 1 , N P R  

30 D E L T A P ( I )  = V ( N 4 J ) * H 0 L D 1 ( J )  4 D E L T A P ( I )
20 N = N 4 N P R  

N P R l  = N I M P D
IF ( S C L . N F . 4 . 0 )  N P R l  = N I M P D  4 i

C
C A D D  C O R R E C T I O N S  TO  C U R R E N T  M O D E L  P A R A M E T E R S  
C

C A L L  D I F A D O C O E L T A P , I N G E S H , I N G E S S , N P R l , S C L )
C
C C A L C U L A T E  F O R W A R D  S O L U T I O N  
C

C A L L  I P D R C  ( I N G E S H , N I M P D , R C L G )
C A L L  F W R O C R C L G , N P M , S E I S r C , M O L N T H )
IF ( A N S 5 . E Q . A N D )  GO TO 25
c a l l  F O L D ( M O L N T H , S E I S I C , 3 5 , F I L T , L C , R C L G )
0 0  21 K = l, M O L N T H

21 S E I S I C ( K )  = R C L G ( K )
25 S C A L F C  = I N G E S S C N P R l )IF ( S C L . N E . 4 . 0 )  C A L L  S C A L C S E I S I C , S C A L F C , S C L , M O L N T H )

CC C A L C U L A T E  E R R O R  B E T W E E N  O B S E R V E D  D A T A  T R A C E  
C AN D  C A L C U L A T E D  S Y N T H E T I C  
C

C A L L  E R M S ( S E I S M D , S E I S I C , D E L T A P , M D L N T H , E R M S S )R E T U R N
E N D
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S T A R T  O F  S V O  * * * * * * * * * * * * * * * * * * * * * * * * * * * *
S U B R O U T I N E  H Y S V O  ( A , V , S , M , N , W I T H U , W I T H V , I W )
I N T E G E R
R E A L
R E A L
I N T E G E R
L O G I C A L
D I M E N S I O N

R , W, C S ,  S N ,  T O L ,  F, X, E P S ,  G, T, Y 
E T A ,  H, 0, Z 
I, J, K, L, L I ,  Nl ,  NP 
W I T H U ,  WiTrtV 

S ( N )
D I M E N S I O N  A ( 1 0 0  0 Û ) , V ( 1 0 0 0  0)

T H I S  IS A T R A N S L A T I O N  OF  A C O C  6 6 0 0  F O R T R A N  P R O G R A M  TO I B M  3 6 0  
F O R T R A N  I V .  T H I S  S U B R O U T I N E  U S E S  S H O R T  P R E C I S I O N  A R I T H M E T I C .
A L O N G  P R E C I S I O N  V E R S I O N  IS A V A I L A B L E  U N D E R  T H E  N A M E  E D S V D C .
T H I S  S U B R O U T I N E  R E P L A C E S  E A R L I E R  S U B R O U T I N E S  W I T H  T H E  S A M E  N A M E ,  

6 8 9  6 % % 0 %  S O F  A C O M P L E X  A R I T H M E T I C  P R O G R A M ,  P U B L I S H E D
AS A L G O R I T H M  3 5 8 .  T H I S  C U R R E N T  P R O G R A M  IS F A S T E R ,  M O R E  A C C U R A T E  
A N D  L E S S  O B S C U R E  IN D E S C R I B I N G  I T S  C A P A B I L I T I E S .
O R I G I N A L  P R O G R A M M E R :  R. C. S I N G L E T O N  
3 6 0  V E R S I O N  B Y =  J. G. L E W I S
L A S T  R E V I S I O N  OF T H I S  S U B R O U T I N E :  4 D E C E M B E R  1 9 7 3

A D D I T I O N A L  S U B R O U T I N E  N E E D E D =  R O T A T E

T H I S  S U B R O U T I N E  C O M P U T E S  T H E  S I N G U L A R  V A L U E  D E C O M P O S I T I O N  
OF A R E A L  M * N  M A T R I X  A, I . E .  IT C O M P U T E S  M A T R I C E S  U, S, A N D  V 
S U C H  t h a t

W H E R E

A N D

A = U * S * VT ,
U IS AN M * N  M A T R I X  A N D  U T * U  = I, ( U T = T R A N S P 0 SE

O F  U ) ,
V IS A N  N * N  M A T R I X  A N D  V T * V  = I, ( V T = T R A N S P 0 SE 

- O F  V) ,
S IS AN N * N  d i a g o n a l  M A T R I X .

D E S C R I P T I O N  O F  P A R A M E T E R S :
A : R E A L  A R R A Y .  A C O N T A I N S  T H E  M A T R I X  TO BE D E C O M P O S E D .  

T H E  O R I G I N A L  D A T A  A R E  L O S T .  IF W I T H V = . T R U E . , T H E N  
T H E  M A T R I X  U IS C O M P U T E D  A N D  S T O R E D  I N  T H E  A R R A Y  A.
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CC M , N  = I N T E G E R  V A R I A B L E S .  T H E  N U M B E R  O F  R O W S  A N D  C O L U M N S
C IN T H E  M A T R I X  S T O R E D  IN A. ( N G = M G = 1 0 0 .  IF IT IS
C N E C E S S A R Y  T O  S O L V E  A L A R G E R  P R O B L E M ,  T H E N  T H E
C A M O U N T  O F  S T O R A G E  A L L O C A T E D  T O  T H E  A R R A Y  T M U S T
C B E  I N C R E A S E D  A C C O R D I N G L Y . )  IF M L T  N , T H E N  E I T H E R
C T R A N S P O S E  T H E  M A T R I X  A O R  A D D  R O W S  O F  Z E R O S  TO
C I N C R E A S E  M TO N.
C
C P : I N T E G E R  V A R I A B L E .  IF P C O ,  T H E N  C O L U M N S  N + 1 ,  . . . ,
C N 4 P  OF A A RE  A S S U M E D  T O  C O N T A I N  T H E  C O L U M N S  O F  A N  M * P
C M A T R I X  B. T H I S  M A T R I X  IS M U L T I P L I E D  BY U T ,  A N D  U P O N
C E X I T ,  A C O N T A I N S  I N  T H E S E  S A M E  C O L U M N S  T H E  N * P  M A T R I X
C U T * B .  C P C = 0 )
C
C W I T H U ,  W I T H V  = L O G I C A L  V A R I A B L E S .  IF WI T H U  = . T R U E  ., T H E N
C t h e  M A T R I X  U IS C O M P U T E D  A N D  S T O R E D  IN T H E  A R R A Y  A.
C IF W I T H V = . T R U E . , T H E N  T H E  M A T R I X  V IS C O M P U T E D  A N D
C S T O R E D  IN T H E  A R R A Y  V.
CC S = R E A L  A R R A Y .  S ( l ) ,  . . . , S ( N )  C O N T A I N  T H E  D I A G O N A L
C E L E M E N T S  OF T H E  M A T R I X  S O R D E R E D  SO T H A N  S ( I ) & = S ( I + 1 ) ,
C 1 = 1 , . . . , N — 1.
C
C V = R E A L  A R R A Y .  V C O N T A I N S  T H E  M A T R I X  V. IF W I T H U
C A N D  W I T H V  A R E  N O T  B O T H  = . T R U E . ,  T H E N  T H E  A C T U A L
C P A R A M E T E R  C O R R E S P O N D I N G  TO A A N D  V M A Y  BE T H E  S A M E .
CC T H I S  S U B R O U T I N E  IS A R E A L  V E R S I O N  O F  A F O R T R A N  S U B R O U T I N E
C B Y  B U S I N G E R  A N D  G O L U B ,  A L G O R I T H M  3 5 3 =  S I N G U L A R  V A L U E
C D E C O M P O S I T I O N  OF A C O M P L E X  M A T R I X ,  C O M M .  A C M ,  V. 12,
C NO .  1 C ,  P P .  5 6 4 - 5 6 5  ( O C T .  1 9 6 9 ) .
C W I T H  R E V I S I O N S  BY RC S I N G L E T O N ,  M A Y  1 9 7 2 .
C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C

D I M E N S I O N  T ( 2 5 0 )
D A T A  P / C /

C
C E C L I P S E  C O N S T A N T S

D A T A  E T A , T O L / 1 . 9 E - 7 , 1 . 1 E - 3 0 /
C
C D A T A  E T A , T O L  / 1 . 5 E - 1 5 , 1 . E - 2 5 0 /
C
CC E T A  ( 1 6 * * - 6 )  A N D  T O L  ( 1 6 $ * - 5 9 )  A R E  M A C H I N E  D E P E N D E N T  C O N S T A N T S
C F O R  I B M  3 6 0 / 3 7 0  C O M P U T E R S  ( S H O R T  F O R M  A R I T H M E T I C ) .
C E T A  IS T H E  M A C H I N E  E P S I L O N  ( R E L A T I V E  A C C U R A C Y ) :
C T O L  IS T H E  s m a l l e s t  R E P R E S E N T A B L E  R E A L  D I V I D E D  BY E T A .
C NP = N + P 

Nl = N + 1
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CC H O U S E H O L D E R  R E D U C T I O N  TO B I O I A G O N A L  F O R M
G — 0 * 0  
E P S  = 0 . 0  
L = 1 

10 T ( L )  = G 
K = L 
L = L 4 1

CC E L I M I N A T I O N  O F  A ( I , K ) ,  I = K 4 l ,  . . . , M
S ( K )  = 0. 0 
Z - 0. u
KK = ( K - 1 ) * N  4  K
IK = KKÜ Q  20 I = K , M

Z = Z ♦ A ( I K ) * * 2  
20 IK = IK 4 N

IF ( Z . L T . T O L )  G O T O  5 0  
G = S O R T C Z )
F = A ( K K )
IF ( F . C E . 0 . 0 )  G = - G 
S(K ) = G 
H = G * ( F  - G)
ACK,K) = F - G 
IF ( K . E Q . N P )  G O T O  50 
K S  = ( K - 1 ) * N  
K S A V  = KS 4 K 
k l  ^ K S  4 L 
0 0  41 J = L , N P  

F = 0 
IK = K S A V  
IJ = KL 
00 30 I = K , M

F = F 4 A ( I K ) * A ( I J )
IK = IK 4 N 

30 IJ = IJ 4 N
F = F / H  
IJ = K L  
IK = K S A V  
00 4 0 I = K , M

A ( I J )  = A ( I J )  4 F * A ( I K )
IJ = I J  4 N

4 0  IK = IK 4 N
41 K L  = K L  4 1

CC E L I M I N A T I O N  O F  A ( K , J ) ,  J = K 4 ? ,  . . . • N
50 E P S  = A M A X 1 ( E P S , A B S ( S ( K ) )  4 A B S C T ( K ) ) )

IF ( K . E O . N )  G O T O  10 0  
G = 0 . 0  
Z = 0 . 0
KL  = ( K - 1 ) * N  4 L
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K J  = KL 
DO  60 J = L , N

Z = Z 4 A ( K J ) * * 2  60 KJ = K J  4 1
IF ( Z . L T . T O L )  G O T O  10 
G = S O R T ( Z )
F = A ( K L )
IF ( F . G E . 0 . 0 )  G = - G 
H = G * ( F  - G)
A ( K L )  = F - G K J  = K L  
DO 70 J = L , N

T ( J )  = A ( K J ) / H  
70 KJ = K J  4 1 

LL = ( L - 1 ) * N  4 L 
0 0  91 I = L , M  

F = 0 
KJ = KL
TJ = LL
00 8 0 J = L , N

F = F 4 A ( K J ) * A ( T J )
KJ  = K J  4 1

80 IJ = IJ 4 1
IJ = LL
D O  90 J = L , N

A ( I J )  = A ( I J )  4 F * T ( J )
90 IJ = IJ 4 1
91 LL = LL 4 N

C
G O T O  10

C
C T O L E R A N C E  F O R  N E G L I G I B L E  E L E M E N T S

1 0 0  E P S  = E P S * E T A
CC A C C U M U L A T I O N  OF T R A N S F O R M A T I O N S

IF ( . N O T . W I T H V )  G O T O  16 0 
K = N
G O T O  140

1 1 0  IF ( T ( L ) . E Q . O . O )  G O T O  1 4 0
KL = ( K - 1 ) * N  ♦ L 
H = A ( K L ) * T ( L )
LL = ( L - 1 ) * N  4 L 
DO 131 J = L , N  

0 = 0 
IJ = LL 
K l  = K L
0 0  1 2 0  I = L , N

0 = Q 4 A(K I ) * V ( I J )
IJ = IJ 4 N 1 2 0  Kl = Kl + 1

0 = Q / H
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1 3 C
1 3 1
1 4 0

1 5 C

IJ = LL 
KI = KL
D O  1 3 0  I = L , NV ( I J )  = V ( I J )  4 Q * A ( K T )  

I J  = IJ 4 N K I = KI 4 1
LL  = L L  4 1

K J  = ( K - 1 ) * N  4 1 
00 ISO J = 1 ,N 

V ( K J )  = 0 K J  = K J  4 1 
KK = ( K - 1 ) * N  4 K 
V ( K K )  = 1 . 0  
L = K 
K = < - 1
IF ( K . N & . O )  G O T O  11 0

16 0 K = N
IF ( . N O T . W I T H U )  G O T O  2 3 0  
G = S ( N )IF ( G . N F . O . C )  G = 1 . 0 / G
G O  TO 2 1 017 0 KJ = ( K - 1 ) * N  4 L

00 1 8 0  J = L , N  
A ( K J )  = 0 1 8 0  K J = K J . 4 1

G = S ( K )
IF ( G . E Q . Û . 3 )  G O T O  2 1 0  
KK = (K-1 )*M 4 K 
H = A ( K K ) * G  
LS A V = ( L - 1 ) * N  LL = L S A V  4 L KL = KK 4 L - K 
DO 2 0 1  J = L f N  

0 = 0IK = L S A V  4 K 
I J  = LL
D O  1 9 0  I = L , M0 = 0 4

IK = IK 
1 9 0  IJ = IJQ = Q / H  

IJ  = KL
IK = KK
D O  2 0 0  I = K , M  A ( I J )  = A ( I J )

IJ = IJ 4 N
2 0 0  IK = IK 4 NLL = LL 4 1
2 0 1  K L  = KL  4 1 

G = 1 . 0 / G

A ( I K ) * A ( I J )  
4 N 
4 N

4 Q*A(IK)
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2 1 C  KK = ( K - 1 ) * N  4 K
JK = KK
DO 2 2 0  J = K , M

A ( J K )  = A ( J K ) * G  
2 2 0  JK = JK 4 N

A ( K K )  = A ( K K )  4 1 . 0  
L = K 
K = K - 1
IF ( K . N E . O )  G O T O  1 7 0

CC Q« O I A G O N A L I Z A T I O N
K = N

CC t e s t  F O R  s p l i t2 30 L = K
2 4 0  IF ( A B S ( T ( D ) . L E . E P S )  G O T O  2 9 0

L = L - 1IF ( A B S < S ( L ) ) . G T . E P S )  G O T O  2 4 0
CC C A N C E L L A T I O N

CS = 0 . 0
SN = 1 . 0
LI = LL = L 4 1no 280 I = L » K  F = S N * T ( I )

T ( I )  = C S * T ( I )
IF ( A a S ( F ) . L E . E P S )  G O T O  2 9 0

4 H * H )H = S ( I )
W = S Q R T ( F * F
S ( I ) = W
C S  = H / W
SN = - F / W
IF ( W I T H U )  C A L L  H Y R O T C A ( L l ) ,  A ( I ) ,  C S *  S N ,  M, N) 
IF ( N P . E Q . N )  G O T O  2 8 0  
L I J  = ( L 1 - 1 ) * N  4 Nl 
IJ = ( I - 1 ) * N  4 Nl 
D O  2 70 J = N 1 , N P  

Q = A ( L I J )
R = A ( I J )
A ( L I J )  = Q * C S  4 R * S N  
A ( I J )  = R * C S  - Q * S N  
L I J  = L I J  4 1 2 7 0  I J  = IJ  4 1

2 8 0  C O N T I N U E
CC T E S T  F O R  C O N V E R G E N C E

2 9 0  W = S ( K )
IF ( L . E O . K )  G O T O  36 0

C
C O R I G I N  S H I F T
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X = S ( L )
Y = S C K - 1 )
G = T ( K - l )
H = T ( K )
F = ( ( Y  - W ) * ( Y  + W) + ( G  - H ) * ( G  f H ) ) / ( 2 . 0 $ H * Y )
G = S O R T ( F * F  4 1 . 0 )
IF ( F . L T . 0 . 0 )  G = - GF = ( ( X  - W ) * ( X  4 W) 4 ( Y / ( F  4 G )  - H ) * H ) / X

C
C O R  S T E P

CS = 1 . 0  
SN = 1 . 0  LI = L 4
DO 3 5 0  I = LI ,K

G = T ( I )
Y = S ( I )
H = S N * G
G = C S * GW = S Q R T ( H * H  4
T ( I - l )  = W
C S  = F / WS N  = H / W
F = X * C S  4 G * S N
G = G * C S  - X * S N
H = Y * S N
Y = Y * C S
IF ( W I T H V ) C A L L
W = S O R T ( H * H  4
S ( I - l )  = w
CS  = F / W
S N  = H / W
F = C S * G  4 S N * Y
X = C S * Y  - S N * G

F * F )

H Y R O T ( V C I - l ) ,  V ( I ) ,  C S ,  S N ,  N, N) 
F * F )

IF ( W I T H U )  C A L L  H Y R O T ( A ( I - 1), A ( I ) ,  C S ,  S N ,  M, N) 
IF ( N . E O . N P )  G O T O  3 5 0  
I M I J  = ( I - 2 ) * N  4 Nl 
I J  = I M I J  4 N 
D O  3 4 0  J = N 1 , N P  

Q = A ( I M I J )
R = A ( I J )A ( I M I J )  = Q * C S  4 R * S N  

A ( T J )  = R * C S  - Q * S N  Î M 1 J  = I M I J  4 1 
3 4 0  IJ = IJ 4 1 
3 5 0  C O N T I N U E

T ( L )  = 0 . 0  
T ( K )  = F S ( K )  = X 
G O T O  2 3 0
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C C O N V E R G E N C E
3 6 0  IF ( W . G E . 0 . 0 )  G O T O  3 8 0  S ( K )  = - W

IF C . N G T . W I T H V )  G O T O  3 8 0  
JK = K
DO 3 70 J = 1, N

V ( J K ) = - V ( J K  )
3 7 0  JK = JK + N
3 80 K = K - 1

IF ( K . N E . O )  G O  TO 2 3 0
C

IF ( I W . E Q . 2 )  R E T U R N  
C S O R T  S I N G U L A R  V A L U E S

DO 4 5 0  K = 1 , N  
G = - 1 . Ü  
DO 39 0 I = K , N

IF ( S ( I ) . L T . G )  G O T O  3 9 0  
G = S C I )
J = I 3 9 0  C O N T I N U E

IF (J . F Q .  K) G O  T O  4 5 0  
S ( J )  = 5 ( K )

S ( K )  = G
IF ( • N O T . W I T H V )  G O T O  4 1 0  IK = K
IJ — J
D O  4 00 I = 1 , N  

Q = V ( I J )
V C I J )  = V ( I K )
V C I K )  = q 
IK = IK + N 

4 0 0  IJ = I J  + N
4 1 0  IF ( . N O T . W I T H U )  G O T O  4 3 0

IJ = J
IK = Kno 4 2 0  I = 1

Q = A ( I J )
A ( I J )  = A ( I K )
A ( I K )  = Q 
IJ = IJ + N 

4 2 0  IK = IK + N
4 3 0  IF ( N . E O . N P )  G O T O  4 5 0

JI = ( J - 1 ) * N  + N1
KI = ( K - 1 ) * N  ♦ N1
D O  4 4 0  I = N l f N P  

0 = A ( J I )
A C J I )  = A ( K I )
A ( K I )  = 0 
JI = JI + 1 

4 4 0  KI = KI  + 1
4 5 0  C O N T I N U E
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1 8 6

C
R E T U R N
END
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S U B R O U T I N E  H Y R G T  (X ,  Y , C S #  S N *  N, N C G L )  
I N T E G E R  N
R E A L  X C I O O O O ) *  Y ( 1 0 0 0 0 ) ,  C S ,  SN

R E A L  XX  
I N T E G E R  J

N'^ = ( N - 1 ) $ N C 0 L  + 1 
0 0  10 J = 1 , N M , N C 0 L  

XX — X c J )
X ( J )  = X X * C S  + Y ( J ) * S N  

10 Y ( J )  = Y ( J ) * C S  - X X * S N  
R E T U R N  
E N D
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