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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 ressulting
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.
Convolufional noise as well as scaling factor errors
cause slower convergence and less stabkility, 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 direéted 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 énd 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 él,(l976,1978)
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 sgquares 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, (1978), notes that this can be aprproximated
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 notla 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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For the solution of the set of simultaneous linear
equations which arise from the linear inverse theory, singular
value decomposition is used. The choice of this method is
made for two basic reasons:

(1) The method is stable, a feature important

espeéially when solving a non-linear problem
in a linear setting (Wiggins, 1972).

(2) The eigenvalue decomposition yields some

insight as to the relationships between
the parameters, observations, and associ-
ated errors.

Because noise in its various forms is present on all
seismic data to some degree, its effect is considered by
adding it to various models and studying the resuit. Main
considerations are stability,. convergence and how errors are
distributed in the model parameters.

' The objectives of this study are to implement these ideas

on inversion and apply them to some seismic models.
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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 Goupillands 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 + c.z
=N . (1)
l + c c.z

o1

R (2) =
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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+
(o] ! RlZ

1+ coRl(z)

Ro(z) = (2)

This expression results from merely replacing ¢y in equation

1 with R which is our generalization of the reflection

ll
response. Equation 2 still does not yield a means for cal;
culating R, as we have no explicit equation for Rl' It is
possible, however, to repeat the . above process and express

R, in terms of R,, R, in terms of R3, etc until we reach the

1 2 2
deépest layer interface.

Equation 2 can then be expressed as:

c. + R. .z
Rj(z) _ 3 j+1

3 =0,1, 2, 3 ....n-1
1 + CjRj+lz
(3)

where Rn = én with <, being the reflection coefficient of the
bottom of the nth layer.

Larner et al (1977) follow essentially the same dévelop-
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, Bj/Aj for
Rj' we have:

C.A. + B. 4 B,
R, = 32tk I+l _ 3 (4)
J Aj+l + chj+lz Aj
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Figure 1-1

Layered model for the normal incidence synthetic seismogran.
The medium is excited at the bottom of the upper half-space
by a unit spike. Layer thicknesses may be nonuniform but

correspond to equal time units. (After Larner et. al. 1977)

1, Ry(2)
o |
C,

1
T
2

R.(z)

Figure 1-2

Fouivalent single layer representation of the multilaver

model in Figure 1. Rl(z) is a generalization of Cq-
(After Larner et. al. 1977)
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where Aj = Aj+l + Cij+lZ

n-1, n-2 ... 1,

J
. = C.A. .
J 3341 F Bya1?
Since B = ¢ and A_ =1 o0or 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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LINEARIZATION OF THE FORWARD SOLUTION

Equation 4 is an equation exbressing a synthetic seismo-
gram in terms of the parameters (impedances) for which we
wish to solve.

Very simply put:

F(Pi)=Cj i=1, 2, ... m (5)
j=1, 2, ... n
where Pi 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=§EAP j=1,2, ..n (6)
j 73 BPi i roeroes ‘
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 O. or our observed values. Since our cal-

culated values will not match the observed values, all our

model parameters will be perturbed by some AP; . 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:
anp = a (7)

Matrix A contains the partial derivatives, Aﬁ 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.
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More explicitly stated in matrix form, equation 7 can

be expressed.

- T [ ™ n
3C1 3Cl BCl APl Ol-Cl
apl 8P2 BPN
3C2 BCZ 8C2 AP2 02-C2
apl aP2 BPN = (8)
BCM BCM APN OM—CM
BPl BPN
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 multiplés 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
arg = d

can be solved in a least squares sense in several ways.
Most straightforward would be to premultiply both sides of

the equation by AT yielding
£ Ta
ATAAD = Ad

If both sides are multiplied by (ATA)—l, the solution is

reached

A8 = aTa)™t aTd (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
ATA 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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case the problem is well-constrained, the matrix ATA 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= UAVT

where U is a set of orthonormalized eigenvectors associated
with the eigenvectors of AAT and our "observation" space, V
is a set of orthonormalized eigenvectors of ATA associated
with our "parameter" space, and A is a diagonal matrix con-
taining the eigenvalues of ATA. The eigenvectors can be
viewed as components in our new oObservation 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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One of the advantages of singular value decomposition lies
in this very ability to distinguish which parameters we
cannot solve for with the available observations. This
particular method, however, gives us no information about
our poorly defined parameters which'have eigenvectors in the
"null space" of A. There is no way to solve for the para-
meters associated with the truncated eigenvalues. This can
be avoided by employing another method in which we adjust
our A matrix by adding some small damping factor. This can

best be illustrated by looking at the solution for Ap.
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IMPEDANCE SOLUTIONS FROM SINGULAR VALUE DECOMPOSITION

To solve the equation
AMD = 4

using singular value decomposition, we substitute the decom-

position of A for A in the above equation giving
UAnTAR = &

As noted before, both U and V are orthonormalized eigenvector

matrices. This means U and V have the following property.

where I is the identity matrix. We can premultiply both

sides by UT giving

awiap = utd
then multiply both sides by AL

viag = 2" HTd

and finally multiplying both sides by V yielding

s8 = va"tuTE (10)

By adding a small number or damping factor to the diagonal

1

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 = UAvT

Taking the tranpose of both sides

al = vauT

therefore

- 2,7
ATA = VA°V

If we now take equation 9 and add a r2 term to the diagonal

we reach
ﬁ = [ATA + r2 J-l ATa

By taking this equation and substituting the appropriate

decomposition of ATA
P = [VA2VT+ VTer%ﬂ—l vauTa =
[VA;VT]’I vauTd

where Aé = A?%r?

Further reducing this expression

P = VK;VTVAUTE
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' —
If we let A = Ar
then P=VAUd (11)

We see that this is equal to equation 10 with the exception
that A"Y 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 2 2 2) (¢}) (- )] 2°

Ry = ¢y + (l-co)clz + [(l-co)_(l—cl)c2 + (l-cO 1 0
+ B1-0§><1-CE)(1—C§103 + (1=cQ) (1-c) (c2) (-¢)) +

2 2 2. ,.3 2 3
(1-cf) (=) (e)) (=e ) + (1-c2) (c}) (-cD)] 2
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<
Compare ,
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Calculate :
RMS Error
QQ.,
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Impedance
Error Smt;ll N 3 Guess
Enough* Update

General flowchart of inversion procedure.
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For time 0 or zO the response is given by one term, C for

o’
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
would 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

at time 20At would contain 219 terms ect. Fortunately if we

take equation 4

instead, we reduce the terms we need to express Rj'
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

oB oA
B 2+ 0
_0..) = A ac
Ao 0 - 5

dR

_ 0

—2 = 2

0
302 BC2

N

This is one partial derivative we need to calculate. We can

see that as AO 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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Figure 1-6

Simple three layer model.
with an impulse function.

Surface is ex

23
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until we find where Cz first appears, take the partial deri-
vative, and then use this expression in the recursive scheme

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

0
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(Pi) = Cj

where j represents increments in time units (for observations)
and P. represents the different model parameters.
From the definition of a partial derivative,

1i F(P. + AP.) - F(P.) 3C.
im 1 1 17 J
AP .~0 AP, - 3P.
1 1 1

Varying APi from .lPi to .OOlPi, 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. 1In 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 and force a smoother convergence, log-
tan weighting was used.
It was implemented as following Stoyer (personal communi-

cation, 1977)

otanCi — O s
[alo—gpl] [AP:L] = [tan(Ol Cl)]

The parameter corrections are then added as:
New P. = 01d P, x lOAPi
i i

This particular damping technigque is not the only one possi-
ble. It is a variation on the more familiar log-log damping.
The variation was necessary since Csv 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 1l 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)

1+R (1)

2(i+1) = 2 TReay

This assumes the seismic trace consists of only reflection

coefficients. Although inaccurate, it has proven to be a

good initial guess.

26
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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

*Registered trademark.
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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 2f1, 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 excépt 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 QSSociated 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.

32
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The abrupt change at time or layer 40 is
due to the fact that this is a pure multiple.
The model consists of 40 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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ITERATION
Model 2 RMS error for zero noise case.
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Figure 2-5
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Model 3 RMS error for zero noise case.
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Figure 2-8
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ITERATION
Model 4 RMS error for zero noise.

Figure 2-11
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Figure 2-14
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Model 6 RMS error for zero noise.
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Figure 2-17
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ITERATION

Model 7 RMS error for zero noise.

Figure 2-20
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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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Noise Value
Range

.0125~>.0125

.025-.025

-.05 ».05

-.1 .1

TABLE 1

RMS Noise
Level
.006216
.012985
.027841
.056962
.110179
.237170

RMS Data

Level

0.00

0.00

54

OBS -~ CALCT
RMS Error

.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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Figure 2-35
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Model 1 RMS error for

Figure 2-47
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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. 1In general, the plots
éhowing 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
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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 sc 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 2-65 Amplitude and frequency spectrums for

wavelet with S/N = 4.
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convolved with our model to give the observed
trace. The inversion scheme will then accept

a second input wavelet that we say represents
the source wavelet. If this second wavelet

is identical to our first wavelet, the inversion
scheme is again exact. However, if it is dis-
torted, this simulates incorrect or incomplete
knowledge of the source wavelet and errors result.
Figures 2-58 through 2-61 illustrate the four
wavelets used for testing purposes while 2-62
through 2-65 are their respective amplitude

and frequency spectrums. Figure 2-58 represents
the undistorted wavelet while 2-59 through 2-61
are corrupted wavelets with varying amounts of
distortion.

The results are shown in figures 2-66 through

2-77. The distortions in the results of the
inversion are apparent. The shift visible in
the examples with the noisy wavelets can be
explained by looking at the wavelets. Each is
shifted about one time unit to later times.

To match the observed and calculated traces, the
program has only the calculated impedances to
work with and accordingly shifts them to

shallower times to offset the delayed wavelet.
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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.

116
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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
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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 monctonic. 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

2 2
o . = V.. o]
PJ 25 J1 t
i=i
where
ot2 is the variance of the observational errors
Vji is the jth component of eigenvector Vi
Ai is the ith 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
o, = .01. 1In 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 Time/iterations Total time

(Sec) (Sec)
5 0 - 1.59
10 2 2.02 sec 4.03
20 3 5.67 sec 17.00
30 3 16.71 50.13
40 3 29.60 88.81
50 3 57.28 171.83

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 gquickly 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 prbblem 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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MAIN PROGRAM FOR SEISMIC INVERSION USING GENERALIZED
LINFAR INVERSE THEORY

tt.t##ttt#t###tttttt##*“tt#‘ttt*#t##ttt*#t##t#*‘t*ttt##**###tt

THIS PROGRAM PERFORMS THE INVERSION PROCESS AS FULLOWS.

THE #“(0QBSERVED DATA® IS CALCULATED FROM A SET OF IMPEDANCES

WHICH CHARACTERIZE THE EARTH MODEL. THE IMPEOANCES £RFE ONE QOF THE
INPUTS TO THE PROGRAM, IN THIS WAY, THE CORRECT MODFL PARAMETERS
LRZ KNMWhNe THE PROGRAM WILL THEN ACCEPT AN INITIAL GUESS AT THE
¥JOEL PARAMETERS JR WILL GENERATE ITS OWN USING THE ORSERVED

TKACF AND SETSLOG INVERSION. WITH THE INITIAL VALUES, THE PRUGRAM
TTERATIVELY SOLVES THE INVERSION PROBLEM, '

THE MAIN PROGRAM IS INTERACTIVE AND ASKS SEVERAL QUESTICNS
07 THE USER. THE ANSWERS DETERMINE WHICH JPTIONS AVATILABLE
IN THE PRQOGRAM WILL 3E USED.

WHAT TS YOQUR INPUT FILE?

exsxxxxs THE INPUT FILE SPECIFIED MUST CONTAIN THE MNUMRER QF
REFLECTICN COEFFLCTENTS OR REFLECTION SURFACES IN THE
MODELy THE NUMBFR OF IMPEDANCES LAYERS IN THE MOUELyY
THF NUMBER OF TIME UNITS TO Be CALCULATED FOR THE "MODEL
SYNTHETIC SEISMOGRAM AND FINALLY THE IMPEDANCES OF EACH
UNTIT TIME LAYER IN THE EARTH MODEL.
THE FORMAT MUST RE (IS54/4315474154/749(8F12.2))

LRE YO2U INPUTING INITIAL GUESS?

xsxsxksss  IF YES, THE DATA MUST BE PRESENT ON THE INPUT FILE
IN FORMAT (BF12.2). 1IF NQO, THE INITIAL VALUES ARE
GENERATED IN THE PROGRAM WHICH USES A COMPUTATIONALLY
FAST SEISLOG INVERSION TECHNTQUE.

0O YJU WANT A COMPLETE PRINTOUT?
T X TR NT A COMPLETE PRINTOUT CONTAINS ALL THE INTERMEOIATE ITERATION
RESULTSy OTHERWISE THE PRINTOUT CONTAINS ONLY THE FIRST
AND LAST ITERATION RESULTS.
DU YOU WANT RANDOM NOJISE ADDED TO SEISMIC SYNTHETIC?.
sssssxxx  THE RANDOM NQOISE IS CONTAINED IN A FILE NAMED

NOISE.DAT, THE PROGRAM WILL CALCULATE AND PRINT QUT
ON THE TERMINAL THE RMS VALUE OF THE NOISE.
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DO YOU WANT WAVELET CONVOLVED WITH SEISMIC SYNTHETIC?

xsssx%%%  THE SEISMIC SYNTHETIC DENOTES THE ®OBSERVED TRACE"™ .
' THE WAVELET IS CONVOLVED WITH THE REFLECTIVITY SERTES
TO PRODUCE A SYNTHETIC MODEL TRACE.

DO YOU WANT WAVELET CONVOLVED WITH CALCULATED SYNTHETIC?

*xx¢xxxx THIS ALLOWS THE CALCULATED SYNTHETIC TO BE CONVOLVED
WITH EITHER NO WAVELET, THE SAME WAVELET AS TS
CONVOLVED WITH THE ®“QOBSERVED DATA™ OR A DIFFERENT
WAVELET,

NAME THE FILE CONTAINING THE WAVELET T0O BE CONVOLVED WITH
SEISMIC SYNTHETIC?

**xxsxx¥x IF A WAVELET IS TO BE CONVOLVED WITH THE "OBSERVED
DATA" THE PROGRAM READS THE WAVELET COEFFICIENTS
FROM THIS FILE.

NAYE THE FILE CONTAINING THE WAVELET TO Bf CONVOLVED WITH
THE CALCULATED SYNTHETIC?

*xxxxxx%x  THIS FILF MAY BE EITHER THE SAME QR DIFFERENT FRQOM
THE FILE CONTAINING THE WAVELET TO BF CONVOLVED WITH
THE ®"JHSERVED DATA",

INDICATE HOW YOU WANT OBSERVED SYNTHETIC SCALED
1=CONSTANT y2=LINEARy3=EXPONENTIAL »4=NONE

EEE KL KK AFTER A SYNTHETIC MODEL TRACE REPRESENTING THE
OBSERVED TRACE IS CALCULATED, IT MAY BE SCALED.
THE FOLLOWING QUESTIONS wILL BE ASKED ONLY
IF SCALING IS DESIRED.

WHAT IS CONSTANT SCALING FACTOR?
2322 R T THIS FACTOR IS MULTIPLIED TIMES EVERY TRACE COEFFICIENT.
WwHAT TS LINEAR INCREMENT FOR SCALING?
EXEIEE KR AT EACH SUCCESIVE TIME LAYER THIS INCREMENT IS ADDED 719
TO THE PREVIOQUS SCALING FACTOR AND MULTIPLIED TIMES
THAT TRACE COEFFICIENT,
THE INITIAL SCALING FACTOR IS 1.0
WHAT IS EXPONENTIAL INCREMENT FOR SCALING?
CEEBREEE AT EACH SUCCESIVE TIME LAYER THIS INCREMENT IS ADDED TO

THE PREVIOUS EXPONENT SCALING FACTOR AND MULTIPLIED
TIMES THAT TRACE COEFFICIENT,
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QOO0

aNaNel

aNeNe]

[aNeXeal

THE INITIAL EXPONENT IS 0.0

NOTE: IF SCALING IS PERFORMED, THE PROGRAM WILL ADD THIS AS

A MODEL PARAMETER TO BE SOLVED FOR.

EXKL RSB ERE R KRR R R R K FEES KRR R XKL R ARREKI SR RAEXS SRk EEE SRR REEEESR

SE

Rt
98
99
100
WR

17
107

DIMENSION MIPDLG(C100)sSEISIGC150)9DIFFC150)INGESSC100)
DIMENSION SEISMDC150)yRCLGC150),FILT(110),,RAMDACIC1)
DIMENSION PRT(10000),B8(10030)

REAL HIPDLGoINGE@%}LIHIT:LIMITD

DUUBLE PRECISION WIL(10),ERR(10)

DOUBLE PRECISION FILNAM,FLNAME

DATA ANSS/°NO°/

DATA AYES/ YES /4AND/ NO“/9sIN,IQUTyIOUTTY/0291194/
DATA FIL/ FIL1.DAT"y "FIL2.DAT 3y "FIL3.DAT", "FIL4.DAT",
& “FILS.DAT "y “FIL6.DAT 9y FILT7.DAT ", "FILB.DAT",
& “FILS.DAT®,“FIL10.DAT /

DATA ERR/ERR1.DAT 9y “ERR2.DAT”,“ERR3,DAT "y "ERRG4.DAT",
& “ERRS.DAT "y "ERRE4DAT "9y ERRT.DAT y “ERR8.,DAT ",
& “ERR9.DAT", “ERRI1CG.DAT "/

OPEN (UNIT=20,FILE = “RMS.DAT?)

ITER ¢

HSUM 10.C

T LIMITS TO TERMINATE ITERATIONS

LIMIT = 0,00005
LIMITD = 0.0001

AD INPUT IMPEDANCES FOR EARTH MIDEL

WRITE CIOUTTY,98)

FORMAT (1X, “WHAT IS YOUR INPUT FILE?2?)

ACCEPT 99, FILNAM

FORMAT (A10)

OPEN (UNIT=INLFILE =FILNAM) X

READ (IN,100) N’PM,NIH’PD!”DLNTH’ (MIPDLGCI)9yI=14NIMPD)
FORMAT (I59/731597915479(BF12.2))

D = MDULNTH '

ITE INPUT MODEL IMPEDS%CES TO FILE FOR PLOTTING
OPEN{UNIT=21,FILE=FILC1))

DO 17 I=1,NIMPD

HOLGI =w} o

HETITEC219107) HOLDIZMIPDLG(CI)

FORMAT (1X9F5.09F12.2)

CLCSE (UNIT=21, FILE=FILC1) )
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o .
C CALCULATE REFLECTIVITY SERIES FROM IMPEDANCE MODEL
o
NPR = NIMPD
CALL IPDRC (MIPDLGSNIMPD,RCLG) e
CALL FWRD (RCLGyNPMySEISMDsMOLNTH) v ¥
C — .
C CHECK IF INITIAL GUESS IS INPUT AND IF COMPLETE
C PRINTOUT IS REQUESTED
C
WRITE CIOUTTY,101)
101 FORMAT (i1Xy” ARE YOU INPUTING INITIAL GUESS?°)
ACCEPT 102,ANS
102 FORMAT (A4)
, WRITE (TOUTTY,106)
106 FORMAT (1Xy° DO YOU WANT A COMPLETE PRINTOUT?")
ACCEPT 102, ANS2
o _
C WRITE MOODEL IMPEDANCES AND OBSERVED SEISMIC SYNTHETIC TO
C FILE FOR SU3SEQUENT PRINTOUT
C .
12 WRITE (IUUT,103)
109 FORMAT (1X,T720,° MODEL IMPEDANCES®,//)
WRITE (IOUT,111) (MIPDLG(I)y I=1,NIMPD)
111 FORMAT (1X,(12F10.2))
WRITE (I0UT,110) Y
110 FORMAT (1Xs//79T2049° OBSERVED SEISMIC SYNTHETIC®,7/)
' WNRITE (JOUT104) (SEISMDCU)9J=1,3MDLNTH)
104 FORMAT (1X,(12F10.6))
WRITE (IOUTTY,112)
o
C CHFCK TIF RANDOM NOISE IS TO BE ADDED TO SEISMIC SYNTHETIC.
C IF YESy READ NOISE FILE,ADD TO DATA, AND CALCULATE RMS AMPLITUDE
o

112 FORMAT (1X,°DO0 YOU WANT RANDOM NOISE AODED TO SEISMIC SYNTHETIC?®)
ACCEPT 102y ANS3
IF (ANS3.EQ.AND) GO TO 20
OPEN (UNIT=1, FILE="NOISE.DAT")
READ (19113) (RCLGCIDy I=19MDLNTH)
CLOSE (UNIT=1, FILE="NQISE.DAT®)
113 FORMAT (F12.8%)
SMNOIS = 0.0
DO 21 J=1,MDLNTH
21 SMNOIS = SMNOIS + RCLGCJ) #x2
SMNOIS SQRTCSMNOIS/MDLNTH)
WRITE (IOUTTY4114) SMNOIS
114 FORMAT (/91Xy "RMS NOISE LEVEL =°,F9.6)

DO 23 I=1,MOLNTH ,
23 SMODATA = SMDATA + SEISMD(I)=%s2
SMDATA = SQRT(SMDATA/MDLNTH)
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WRITE (IOQUTTY,24) SMDATA

24 FORMAT (/41Xy“RMS DATA LEVEL®yF9.6)
DO 22 I=1,MDLNTH

22 SEISMD(I) = SEISMD(CI) + RCLGCI)

WRITE OBSERVED SEISMIC SYNTHETIC WITH NOISE TO FILE
FOR SUBSEQUENT PRINTOUT

aNeleNel

WRITE (IDUT,115)
115 FORMAT (///91XsT205 "0BSERVED SEISMIC SYNTHETIC WITH NCISE®)
WRITE (I0UT,105) (SEISMD(J)y J=19yMDLNTH).

CHECK IF A WAVELET IS TO BE CONVOLVED WITH OBSERVED .OR
CALCULATED DATA

oo

20 WRITE (IOUTTY,96)
96 FORMAT (1X,°D0 YOU WANT WAVELET CONVOLVED WITH SEISMIC®,
& ° SYNTHETIC?™)
ACCEPT 132, ANS4
IF (ANS4.EQ.ANJ), GO TO 30
WRITE CIOQUTTY,117)
117 FORMAT (1X,°00 YOU WANT WAVELFT CONVOLVED WITH CALCULATED”,
€ ° SYNTHETIC?®)
ACCEPT 102, ANSS

C
C ADJUST ITERATION LIMITS IF WAVELET CONVOLUTION IS PERFORMED
C
IF (ANSSLEQ.AYES) LIMIT = LIMIT * 0.1
IF (ANSS5.EQ.AYES) LIMITD = LIMITD * 0.01
C
C READ IN WAVELET COEFFICIENTS, CONVOLVE, AND WRITE TO FILE
C

WRITE (IQUTTY,28)
28 FORMAT (1Xy°NAME THE FILE CONTAINING THE WAVELET “,
& “T0 BF CONVOLVED®y/s”° WITH THE SEISMIC SYNTHETIC®)
ACCEPT 99, FLNAME
OPEN (UNIT=3, FILE=FLNAME)
READ (3,97) (FILT(I)y I=1,3%)
97 FORMAT (20X,6Xy10XsF12.8)
CLOSE (UNIT=3, FILE=FLNAME)
CALL FOLD (MOLNTHSEISMDy3S,FILT,LCsSEISIG)
NO 95 I=1,LC
95 SEISMDCI) = SEISIGCI)
WRITE (INUT,116) .
116 FORMAT (///791XyT20,°0BSERVED SEISMIC SYNTHETIC WITH?,
€ ° CONVOLVED WAVELET®) .
WRITE (IOQUT,105) (SEISMDCJ)y J=1,MDLNTH)
IF (ANS5.EQ.AND) GO TO 30
WRITE CIQUTTY,29)
29 FORMAT (1Xy°NAME THE FILE CONTAINING THE WAVELET °,
& “T0 BE CONVOLVED"y/s° WITH THE CALCULATED SYNTHETIC®)
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ACCEPT 99, FLNAME

OPEN (UNIT=8, FILE=FLNAME)
READ (B8497) (FILT(ID)y I=1,35)
CLOSE (UNTT=8, FILE=FLNAME)

SCALE DATA ACCORODING TO COMMAND

30 IF (ANS4.EQ.AYES) ™MD = LC
WRITE (IOUTTY,90)
90 FORMAT (1X,“INDICATE HOW YOU WANT ORSERVED SYNTHETIC SCALED®,/,
£ 1Xy“1=CONSTANTy2=LINFAR,3I=EXPONENTIAL,4=NONE )
ACCEPT 91, SCALE
91 FORMAT (F5,0)
SCL = SCALE
IF (SCALELEQel.0) 50 TO 92 2%
IF (SCALE.EQe2.0) GO TO 93 *'"
IF (SCALE.EQ.3.0) 6O TO 94 5
IF (SCALE.EQ.4.0) GO T3 27 *'
92 WRITE (IQUTTY,,81)
81 FORMAT (1X,“WHAT IS CONSTANT SCALING FACTOR??)
ACCEPT 91, SCALE
DO 82 I=1,4MD
B2 SEISMD(I) = SCALE * SEISMDCD)
60 T3 26
93 WRITE (IOUTTY,R3) ,
83 FURMAT (1X,°WHAT IS LINEAR INCREMENT FOR SCALING?°)
ACCEPT 91, SCALE
SCALER = 1.0
DO B4 I=1,MD
SETSMD(I) = SEISMNDCI) * SCALER
R4 SCALER = SCALER + SCALE
63 TO 26
94 WRITE (IJUTTY,85)
85 FORMAT (1X,“WHAT IS EXPONENTIAL INCREMENT FOR SCALING??)
ACCEPT 91, SCALE
SCALER = 0.0
DO B6 I=1,MD
SEISMDCI) = SEISMDCI) & EXP(SCALER)
Rt SCALER = SCALER + SCALE
26 WRITE (I0UT,123)
123 FUORMAT (//791%XyT20,°0BSERVED SEISMIC SYNTHETIC WITH®,
& ° SCALING FACTOR®)
WRITE (IOUTs105) (SEISMD(J)s J=19MDLNTH)

EITHER GENERATE OR READ INITIAL GUESSES FOR IMPEDANCES

27 IF (ANS.EQ.AYES) GO TO 10
INGESS(1) = MIPDLG(1)
IF (ANS4.EQ.AYES) GO TO 31
DO 11 I=1,NPM
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11 INGESS(I+1) = INGESSCI) % (1.0 ¢ SEISMD(ID)/(1.C = SEISMDC(I))
GO TO 32

31 D0 13 I=1,NPM

13 INGESS(I+1)=INGESSCI) = (1.0

32 IF (SCL.NE.4.C) INGESS(NPR)
IF (SCL.EQ.1.0) INGESS(NPR)
GO TJ 25

10 READ C(INy103) (INGESSCI)yI=14NPR)

_,103 FORMAT (BF12.2)

SEISMD(I+17))/7(1.0 = SEISMD(I+17))
-0001
1.9

non o+

C .
C BEGINNING OF INVERSION ITERATIQON LOOJP
C
25 THOLD = ITER + 2 v
7 QPEN (UNIT = 21, FILE = FILCIHOLD) )
OPEN C(UNIT = 19, FILE = ERRCIHOLD))
DU 18 I=1,NPR
HOLDT = 1
18 WRITE (214197) HOLDILINGESSCI)
CLOSE (UNIT = 21y FILE = FILCIHOLD) )
o
C CALCULATE FORWARD SOLUTION FOR INITIAL GUFSS PARAMETERS
o

CALL IPDRC CINGESS,NIMPD,RCLG)
CALL FWRNDCRCLGoNPM,ySETSIGyMDLNTH)
IF (ANSS5.EC.ANO) GO T3 122
CALL FOLDCMOLNTH9SEISIGy35,FILT,LCyRCLG)
DO 121 N=1,MDLNTH
121 SEISIGCN) = RCLGCN)_
122 SCALFC = INGESS(NPR)
_IF (SCL.NEe440) CALL SCAL (SEISIGySCALFCySCLyMDLNTH)
DO 131 K=1,MDULNTH
DIFFCK) = SEISMDC(K) - SEISIG(K),
HILOK = K
131 WRITE (19,132) HOLDK,DIFF(K)
CLOSE (UNYT=19, FILE=FRRCIHCLN))
CALL ERRMS C(SEISMD,SEISIG,0IFF,MDLNTH,SUM)
DSUM = ARSCHSUM = SUM)
HSUM = Su™
HOLDI = ITER
WRITE (20%108) HOLDI,SUM
108 FORMAT (1XsFS5e0yF1046)
IF (ANS2.EQ.AND e AND o SUMLGT.LINMIT) GO T0 16
WRITE (IDUT9120) ITER, CINGESSCI)yI=1,NIMPD)

H

WRITE IN*ERMEDIATE [TERATION RESULTS TO FILE FOR PRINTOUT

e Nelel

120 FORMAY (///51XyT20,° ITERATIVE SOLUTION IMPEDANCE MODEL #°7,
& I3y //75C(12F10.2))
IF (SCLeNEe4.0) WRITE (IOUTs125) INGESS(NPR)
125 FORMATY (/olxo:SCALING FACTOR="4F10.5,7/)
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WRITE (I0UT,139) ITER

130 FORMATY (//7/57204° SEISMIC SYNTHETIC MODEL #°413)
WRITE (IQUT»105) (SEISIGCI)yI=1,MDLNTH)

105 FORMAT (//41X4(12F1046))

C
C CHECK TO BRANCH OQUuT QF LOQP
C

16 IF (DSuM .LT. LIMITD) GO TO 15

IF (SUMJLELLIMIT JRe ITER.GE.B8) GO TO 15

C
C CALCULATE PARTIAL DERIVATIVE MATRIX AND SINGULAR VALUE
C DECOMPOSITION SOLUTION '
C

CALL FDPARY (PRT,INGESSsSEISIGyNPMyMDLNTH NIMPDFILT4ANSSSCLs1)
TI¥F1 = RUNTIM(DUM)
CALL SVD(PRT4ByDIFFGSETISMDySUMGNPMyMDILNTHYITERDFHyINGESSyNIMPD,
& FILT,ANSS5,4SCLyRAMDA)
TIME2 = RUNTIMCOUM)
TIME = TIME2 - TIMEL
ITER = ITER + 1
WRITE (4,1890)
180 FORMAT (1X,° ITERATION TIME IN SVvD SUBRCUTINE?)
WRITE (4,192) ITER,TIME
19C FORMAT (1X9/916918X9F12e297)

C
C ADD PARAMETER CORRECTIONS AND BRANCH TO BEGINNING OF LOOP
C
CaLL DTIFADO(DIFF, INGESSyINGESSyNPR,SCL)
G3 TO 25
C
C CALCULATE AND WRITE PARTIAL DERIVATIVES AND STANDARD
C DEVIATION FOR PARAMETER CORRECTIONS FJR LAST ITERATION
C

15 NO = NPR = 1
I0PEN = IHOLD - 1
OPEN (UNIT=21, FILE=FILCIOPEN)D)
 READ (21,146) CINGESSCI), I=1,NPR)
146 FORMAT (1X45X,F12.2)
CLUSE CUNIT=21, FILE=FILCIGPEN))
CALL IPDRC CINGESS,NIMPD,RCLG)
CALL FWRD(RCLGyNPM,SEISIGsMOLNTH)
IF (ANS5.EQ.AND) GO TO 152
CALL FOLDC(MDLNTH,SEISIG»35,FILTyLCyRCLG)
D0 151 N=1,MDLNTH
151 SEISIGCN) = RCLGCN)
152 SCALFC = INGESS(NPR)
IF (SCL.NE.4.0) CALL SCAL (SEISIGySCALFC,SCLyMDLNTH)
_OPEN CUNIT=16, FILE="0BCAL.DAT")
WRITE (169134) CSEISUDCID,SEISIGCID, I=1,¥DLNTH)
CLOSE (UNIT=16, FILE="0BCAL.DAT")
CALL FDPART (PRT,INGESSsSEISIGoNPM,MDLNTHoNIMPD4F ILTyANSSsSCL 92 )
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NI =1

OPEN (UNIT=18,FILE="PARTL.DAT")

PO 133 KL=1,MDOLNTH

NF = NI ¢ NPR -2

WRITE (1849134) (PRT(NA)y NA=NI4NF,y7)
133 NI = NI ¢ NPR -1 )
134 FORMATY (12F10.6)

CLOSE (UNIT=18, FILE="PARTL.DAT")

NNN = NPM .

CALL HYSVO(PRTysByRAMDAJMDLNTH I NNNy e TRUE ey« TRUEC42)

DO 141 I=14ND

RAMDACI) = RAMDA(I) =%+« 2
141 RAMDACI) = (RAMDACI) * 0.01) /7 ((RAMDA(CI) + DF*x2) %x2)
NC = 0
D0 142 J=1,ND
DIFFCJ) = 0.0
DO 143 TI=14ND
143 DIFFCJ) = (BCNC+1)#*%2) & RAMDA(CI) + DIFFCJ)

NC = NC + ND
142 DIFF(J) = SQRT(DIFF(J))
OPEN (UNIT=17, FILE="SDEV.DAT")
WRITE (17,144) (DIFFCJ), J=1,ND)
144 FORMAT (10F12.6)
CLOSE (UNIT=17, FILE="SNEV.DAT®)
WRITE (I0UT,142) SuM
14C FORMAT (///741Xy"RMS ERROR="4F8.5)
CLOSE  CUNIT=TN,FILE=FILNAM)
CLOSE (UNIT=20, FILE= °“RMS.DAT")
STOP
END
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SURRQUTINE FWRD CALCULATES THE FORWARD SNOLUTION FROM AN INPUT
SET OF REFLECTION CUOEFFICIENTS. THE FORWARD SOLUTION TAKES INTD
ACCOUNT PRIMARIES, MULTIPLESy AND TRANSMISSION LOSSES.

L EEEE RS RS R R R R E R RS R R R R R R R R R R R R R R R RS R RS R RS R R R RS

SAMPLE CALL STATEMENT: CALL FWROCRFCOEF NPMySEISs¥DLNTH)

INPUT: RFCOEF = ARRAY CONTAINING REFLECTION COEFFICIENTS
NPM = NUMBER (OF REFLECTION COEFFICIENTS
MDLNTH = NUMBER QOF TIME UNITS TN BE CALCULATED FCR
FORWARD SOLUTION
QUTPUT - SEIS = ARRAY CONTAINING FORWARD SOLUTION OR

SEISMIC SYNTHETIC

(AR REEE RIS R E S R R R R R R R R R R R R R R R R E R R S S R S ]

aleaNelslaNeNalolaNalakeNeNeolaNaeNelaNaleNaNalaNalaNe!

SUBROUTINE FWRD (RFCOEFJNPM,SEIS,MDLNTH)
DIMENSION RFCOEF(NPM) 4SETSCMDLNTH) AONECLI0C)R3ONECLI0G)
KEND = NPM - 1
BONEC1) = RFCOEF(NPM)
D0 10 TI=KEND,1,-1
II = NPM = T
0l 29 J=1Iy1,-1

20 BONECJ+1) = BONECWD)
BONEC1) = RFCOEF(CI)*AONECL)
IF (IT.LT.2) GO 1O 40
DO 30 K=2,1T
SAVE = AQNE(K)
AONEC(K) = AONE(K) + RFCIOEF(CII*BONEC(K)
BONE(K) = RFCOSF(I)*SAVE 4+ BONE(K)

0 CONTINUE

40 AUNECIT+1) = RFCOEFCI) * BONECII+1)

10 CONTINUE
. CALL POLYDY (NPM,AONEJNPM,BONE yMDLNTHSEIS)
RETURN
END
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SURRUOUTINE Z2ERQU STORES A FLOATING=-POINT NUMBER ZERO
IN EACH STORAGE LOCATION OF AN ARRAY

(PROGRAM IS TAKEN FROM MULTICHANNEL TIME SERIES ANALYSIS
WwITH DIGITAL COMPUTER PROGRAMS,y RIBINSON,1967)

I E I RS R R A R R A 2 R R R R R R R R R R A R R R R R R S S R R L

SAMPLE CALL STATEMENT? CALL ZERO(LXsX)

INPUT S LX = LENGTH OF ARRAY X
X = ARRAY TO BE ZEROED
QUTPUT : X = ZEROSD ARRAY

R L R R s R s A R E R S R R RS R R R SRR R RS S

OO OO OO OO OO0

SURRUUTINE ZERO (LXyX)
DIMENSION X(LX)
IF (LXeLE.O) RETURN
DO 1  I=1,4LX
1 X(I) = 0.0
RETURN
END
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aEelalasNealaNelelaNeleolalaNalaNeNalaNaNelaNalaNelaNal el

SUBROUTINE POLYDV DIVIDES ONE POLYNOMIAL BY ANOTHER

(PROGRAM IS TAKEN FROM MULTICHANNEL TIME SERIES ANALYSIS

WITH DIGITAL COMPUTER PROGRAMS, ROBINSON,1967)

EEXXRXE SRR RE R B AR A RN KR AR E AR AR EE AR R KSR KA RS R ERE RSNk KX

SAMPLE CALL STATEMENT: CALL POLYDV(N,DVS,M,DVDyL,Q)

INPUTZ N = LENGTH OF DIVISOR POLYNOMIAL
DVS = ARRAY CONTAINING DIVISOR POLYNOMIAL
M = LENGTH OF DIVIDEND POLYNOMIAL
DvD = ARRAY CONTAINING OIVIODEND PULYNOMIAL
L = LENGTH OF DESIRED OUTPUT QUOTIENT,
SuTpPUT Q = ARRAY CONTAINING THE QUODTIENT OF DVD/DVS

I RS A R R R S R RS2 R A R R R R R R R R R R R R R SRR R R R R RS RS R R D

10

SURRDUTINE POLYDV(NsDVYSyMoDVD,yL Q)
DIMENSION DVS(NDoDVDIMD,QCL)

CaLL ZERD (LsQ)

CALL MQOVE (MINO(M,L),DVD,Q)

00 10 I=1,L

QCIN> = QCIH/DVS(L)

IF (I.EQesL) RETURN

K = 1

ISuB = MINQ(N=-1,L-1)

DO 10 J=1,1IS5UB

K = K + 1
(K) = QCK) = QCI)=*DVS(J+1)
RETURN

END
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SUBROUTINE MOVE MOVES AN ARRAY FROM ONE STORAGE LOCATION
TO ANOTHER

(PROGRAM IS TAKEN FROM MULTICHANNEL TIME SERIES ANALYSIS
WITH DIGITAL COMPUTER PROGRAMS, ROBRINSON,1967)

I E 2RSS R RS R R R R R R R R R A R R R AR R R R R SRR R

SAMPLE CALL STATEMENT?: CALL MOVE (LX9X,Y)

INPUTS LX = LENGTH OF ARRAY X TJ B8E MQJQVED T(O ARRAY Y
X = ARPAY TO BE MOVED
ouUTPUT S Y = ARRAY THAT CONTAINS THE VALUES (LX IN NUMBER)

ORIGINALLY CONTAINED IN ARRAY X

I 2222222 SRS R R R 22 R 2 2 R 2 R R 2 R 2 R 2 R R R R R R R R R R R R R R R R DD

aNeNeleloaNeleNeNaleNelolaNeNaNolelaNeolaNeNolaN el ol ol

SUBROUTINE MOVE (LXyX,yY)
DIMENSION XC(LX)sYC(LX)
00 1 I=l,LX
1 v(I) = X(CI)
RETURN
END



T-2223 156

SUBROUTINE FOLD COMPUTES THE PRODUCT OF TWO POLYNOMIALS

(PROGRAM IS TAKEN FROM MULTICHANNEL TIME SERIES ANALYSIS
WITH DIGITAL COMPUTER PRUGRAMS,y RJBINSON91967)

R X R R R R R R R R A R R R R s R R P A2 R RS R 2R R R R R R S B 2 2

SAMPLE CALL STATEMENT: CALL FOLDCLAsAsLBsBsLC,yC)

TINPUT S LA = LENGTH OF FIRST POLYNOMIAL MULTIPLIER
A = ARRAY CONTAINING THE FIRST POLYNOMIAL MULTIPLIER
LB = LENGTH OF SECOND POLYNOMIAL MULTIPLIER
B = APRAY CONTAINING THE SECOND POLYNOMIAL MULTIPLIER
ouUTPUT LC = LENGTH OF PRODUCT OF A#B (LA+LB-1)
C = ARRAY CONTAINING THE POLYNOMIAL WHICH IS THE PRODUCT

JF Ax8B

AR E R E SRR KR AR R R KR KR AR B R R KR AR R R R R R R RN KRR RS SRR R SRR R AN kR R R &

sNaNeNeEialoNeoEalaNalolaNeloaNoNelalalelaNeNoelaNaNaNa Nl o

SUBROUTINE FOLD C(LAJA,LB,B,yLC»C)
DIMENSION ACLA),,B3(LB),L,CCLLO)
LC = LA +# LB -1
CALL ZERJ (LC,H»O)
DO 1 1I=1,LA
D01 J=1,L8
K =T+ J -1
1 C(X) = CC(K) + ACID)*B(J)
RETHRN
END
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SUBROUTINE IPDRC CALCULATES THE REFLECTION COEFFICIENTS FROM
THE IMPEDANCE SERTES

KX AX UK KRR SR EEAREAT R A FE R KRR AE RS EETAEERERXRR AR EERERREE R KK AR

SAMPLE CALL STATEMENT: CALL IPDRC(MIPDLGsNIMPDsRCLG)

INPUT? MIPDLG = ARRAY CONTAINING IMPEDANCE SERIES
NIMPD = NUMBER OF IMPEDANCE LAYERS
QuTPUT RCLG = ARRAY CONTAINING REFLECTION COEFFICIENTS

GENERATED BY IMPEDANCE LAYERS

L R R R R R s R R R 2R R R R R 2R RS

aeNeNeaNelelaNelalNaNeNeltioNeolaNeolela NeNaNaNaNe]

SUBROUTINE IPDRC (MIPDLGyNIMPD,RCLG)
DIMENSION MIPDLGCNIMPD)sRCLGINIMPD)
REAL MIPDLG
D0 10 I=24NIMPD
J = I-1 :
10 RCLGCJ) = (MIPDLGCI) = MIPDLGCY)) /7 (MIPDLGCI) + MIPDLGCU))
RETURN
END
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SUBRUOUTINE ERRMS COMPUTES THE TANGENT WEIGHTED DIFFERENCE SETWEEN
THE OBSERVED AND CALCULATED SEISMOGRAM AND CALCULATES THE RMS ERROQR

LA EE RS R R A R R R R R R R A R R R R R A R R R RS RS R 2 RS R R 2 0]

SAMPLE CALL STATEMENT: CALL ERRMS(SEISMDSEISIGIDIFF 4MDLNTH,SUY)

INPUT: SEISMD = ARRAY CONTAINING OBSERVED DATA TRACE
SEISIG = ARRAY CONTAINING CALCULATED DATA TRACE
MOLNTH = LENGTH IN TIME UNITS OF BOTH OBSERVED AND
CALCULATED DATA TRACE
QUTPUT: DIFF = ARRAY CONTAINING TANGENTY WEIGHTED DIFFERENCE
BETWCEN THE OBSERVED AND CALCULATED DATA TRACE
SUM = RMS AMPLITUDE 0F THE UNWEIGHTED DIFFERENCES

I E R RS RS S R A S s R R R R R R R R R R 2 R A S RS R R R RS RS R R R R R ]

OO GO OO OO OO OO OO

SUBRJUTINE ERRMS(SEISMD,SEISIGyDIFF,MDOLNTH,SUM)
DIMENSION SEISMD(MOLNTH) ySEISIGCMDULNTH) ¢DIFFC(MOLNTH)
SUN = C‘-O
g 19 T=1yMDUINTH
DIFF(CY) = SEISMDCI) - SEISIGCID)
SUM = SUM ¢ DIFF(T)*=x?2
13 DIFFCI) = TANCSEISMDCID)I-TANCSEISIGCIN
SUM = (SUM/MOLNTH)%%,5
RETURN
e ND
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SUBROUTINE ERMS COMPUTES THE DIFFERENCE BETWEEN THE OBSERVED AND
CALCULATED SEISMOGRAM AND CALCULATES THE RMS ERROR

EXEX AR AREEXSRXE PR KT AR ER R KRR R EB AR R E KRR KRR A KRR R KRRk KA R KRR EREXE

SAMPLE CALL STATEMENT: CALL ERMS(SEISMD,SEISIG.DIFF,MDLNTH.S?”)

INPUT: SEISMD = ARRAY CONTAINING OBRSERVED DATA TRACE
SETSIG = ARRAY CONTAINING CALCULATED DATA TRACE
MDLNTH = LENGTH IN TIME UNITS OF BOTH OBSERVED AND
CALCULATED DATA TRACE
QUTPUT ¢ DIFF = ARRAY CONTAINING DIFFERENCE AT EACH TIME UNIT
PETWEEN OBSERVED AND CALCULATED DATA TRACE
SUM = RMS AMPLITUDE OF DIFFERENCE ARRAY

LR SRR S RS R S R R R R s R R R R R R R R RS R R RS

eEeEealslalaNeRalelaNoNolaNelnialoloNalaNalaYoNaNaNel

SURRJUTINE ERMSCSEISMDGSEISIGyDIFFyMDLNTH,SUM)
DIMENSION SEISMD(MDLNTH)SEISIG(MDLNTH)yDIFF(MDOLNTH)
SUM = 0.0
DD 10 I=1,MDLNTH
NDIFFCI) = SEISMDCI) - SEISIGCI)
1C SU¥ = SUM + DIFF(I)%xx?
SUM = (SUM/MDLNTH)*%,5
RETURN
END
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SUBROUTINE FOPART CALCULATES THE PARTIAL DERIVATIVE MATRIX
USING THE FINITE DIFFERENCE APPROACH
I R 22 R E R RS R R E RS RS S SRR RS2 2RSSR R RS ERR RSS2 RRRR RS 2

SAMPLE CALL STATEMENT:
CALL FOPART(A)INGESSySEISIGyNPMyMUOLNTHyNIMPDSFIL Ty ANSS5ySCLyIW)

ARRAY CONTAINING CURRENT VALUES FOR MQODEL
PARAMETERS (IMPEDANCES + SCALE FACTOR IF APPL.)
ARRAY CONTAINING SYNTHETIC SEISMOGRAM GENERATED
BY CURRENT MODEL PARAMETERS
NUMBER OF REFLECTION COEFFICIENTS IN MODEL
NUMBER OF VALUES IN SYNTHETIC SEISMOGRAM
NUM3ER OF IMPEDANCES IN MODEL
ARRAY CONTAINING COEFFICIENTS OF WAVELET TO BE
CONVOLVED WITH REFLECTIVITY SERIES TO PRQOOUCE
SYNTHETIC SEISMOGRAM
LOGICAL VARIABLE DETERMINING WHETHER FILT
MUST BE CONVOLVED WITH REFLECTIVITY SERIES TO
PRODUCE SYNTHETIC SEISMIGRAM ,
NUMBER CODE WHICH DENOTES WHAT TYPE OF GAIN MUST
BE APPLIED TO DATA TO PRODUCE SYNTHETIC SEISMOGRAM
NUMBER CODE WHICH DENOTES WHETHER PARTIAL
DERIVATIVES CALCULATED ARE TO BEf WEIGHTED

1 WEIGHTED

2 UNWEIGHTED

INPUT INGESS

SEISIG

NP M
MDLNTH
NIMPD
FILT

woownon

ANSS

wn
— (@]
xE [
" h

[[IT]

gUTPUT : A = ARRAY CONTAINING PARTIAL DERIVATIVE MATRIX IN
ONE DIMENSIONAL FORMS MDLNTH ROWS OF NPR-1

LENGTH, '

NPR-1

NPR-1

NPM FQOR NO GAIN CASE
NIMPD FOR GAIN CASE

([T}

I 22 S 2R R RS R R R R 2 R 2R R 2 R R R R R R R R R R R R R L R R R R R R R R R RS R R R R S 2

[aigsNsNaXaNeXaislaRatalaNeNoNaloNalolafa¥ololeNalafalolalalaNotala¥clolaNe¥aNalfaNaNala e

SUBROUTINE FDPARTCA9)INGESSsSETISIGyNPMyMDLNTHyNIMPDyFILT9ANS5,4SCLy
&€ IwW

DIMENSION AC100003)yINGESSCNPM),,SEISIGCMDLNTH)

DIMENSION SEISICC15G)sRCLGC150)FILT(110)

REAL INGESS

DATA AYES/ YES®/,ANO/°NO°/

NPR = NIMPD
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OO0

[aNaNeal

OO0

[N eNe

IF (SCLeNE«4e0) NPR = NIMPD ¢+ 1
QUTER DO LOOP CALCULATES PARTIALS WITH RESPECT YO A SINGLE PARAMETER

Co 10 I=24NPR
1 =17 -1
PHOLD = INGESSC(I)

\

CALCULATE A SEISMIC SYNTHETIC FROM PERTURBED MODEL PARAMETERS

CINGESSCI) = INGESS(I) = 1.1-

CALL IPDRC C(INGESS,NIMPD,RCLG)

CALL FWRDCRCLGyNPMySETSICyMOLNTH)

IF (ANSS5.EQ.ANO) 7 GO TO 16

CALL FOLD(MOULNTH,SEISICs3543FILTyLC,HyRCLG)
D0 15 N=14MDLNTH ’

15 SEISICIN) = RCLGIN) ,

16 SCALFC = INGESS(NPR)
IF (SCLeNEL4e0) CALL SCALCSEISIC,SCALFC,SCLyMDLNTH)
IF (IeEQeNPR +ANDe SCLeNEL4.0) GO TO 50
IF (T.LE.2) GO TO 3G
IF (ANSS5.EQ.AYES) GO T0O 39

INSERT ALL ZERO PARTIAL DERIVATIVES INTO MATRIX

L=1=-2
00 20 K=1,L
ACTY) = Qa0
20 IJ = IJ-+ NPR -1
30 CIUNTINUE
TII =1 -1

.INNéR LOCPS CALCULATE PARTIALS AT EACH TIME LAYER

IF (ANSS5.EQ.AYES) IT =1
DO 40 J=II19MDULNTH
IF (IW.ERQ.2) GO TO 39
ACTJ) = (TANCSEISICCJIID)-TAN(SEISIG(J)))*24,15885793
GO TU 40
39 ACIJ) = (SEISICCJ) = SEISIGCUYI) /7 CINGESS(CI) - PHCLD)
40 IJ = IJ + NPR -1

10 INGESSCI) = PHOLD

60 T0 70
50 INGESSCNPR) = PHOLD

IJ = NIMPD

DO 60 I=1,MDLNTH

IF (IW.EQ.2) GO TO 59

ACIJ) = (TANCSEISICCI))-TANCSEISIGCI)))*24.15885793

60 TO 60
59 ACIJ) = (SEISICCI) - SEISIGCI)) / C0.01 & INGESSCNPR))
60 IJ = IJ + NIMPD
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70 CONTINUE
RETURN
END
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SUBRJOUTINE SCAL SCALES THE INPUT TRACE ACCORDING TO INPUT PARAMETERS

IR I 2 R R R R R R R R R R R R R R A 22 RS R 2 R R 2 2

SAMPLL CALL STATEMENT: CALL SCAL(CSEIS,SCALFC,SCLsMDLNTH)

INPUT? SEIS = ARRAY CONTAINING SERIES TO BE SCALED
SCALFC = SCALE FACTOR
SCL = NUM3ER CODE DENOTING TYPE OF GAIN TO Bt APPLIED
1 = CONSTANT SCALINC FACTOR
2 = LINEARLY INCREASING SCALING FACTOR
3 = EXPONENTIALLY INCREASING SCALING FACTOR
4 = NO SCALING
MOLNTH = LENGTH OF SERIES TO BE SCALED
QUTPUT: SEIS = ARRAY CONTAINING SCALED SERIES

(S S S S R R R R R R s R R R R e R R R R R R R R S R R R R R R R R R R R R R

SUBROUTINE SCALCSEIS,ySCALFCoSCLIMDLNTH)
DIMENSION SEIS(MDLNTH)

IF (SCL.EQ.1.0) GO TO 10

IF (SCL.EQ.2.0) GO TO 20

IF (SCL.EQe3.0) GO TO 30

CONSTANT SCALING

1C DO 15 KK=1,MDLNTH
15 SEIS(KK) = SEIS(KK) = SCALFC
GO TO 4°

LINEARLY INCREASING SCALING

20 SCALER = 1.0

DO 25 KXK=19MDLNTH

SEIS(KK) = SEISC(KK) & SCALER
25 SCALER = SCALER + SCALFC

GO TO 40

EXPONENTIALLY INCREASING SCALING
30 SCALER = 0.0

DO 35 KK=1,MDULNTH
SEISCKK) = SEISCKK) x EXP(SCALER)
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35 SCALER = SCALER + SCALFC
40 CONTINUE

RETURN

END
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SUBROUTINE SvD SOLVES THE MATRIX INVERSION EQUATION BY
SINGULAR VALUE DECOMPOSITION

IR R RS S S S R R R R R R RS S S 2 S 2 R R E R R R A R R R S R R RS R RSS2 AR R Rt

SAMPLE CALL STATEMENT: )
caLL SVD(PRT,VvDIFF,SEISMD’SUMQNPH’HDLNTHolTER,Q_F’INGESSQ

INPUTS

QUTPUT :

PRT
DIFF

SEISMD
SUm
NP M

MDLNTH

ITER

INGESS

NIMPD

FILT

ANSS

SCL.

PRTY
v
DIFF

DF
RAMDA

i wobonononn

NIMPDyFILT4SANS5,SCLyRAMDA)

ARPAY CONTAINING THE PARTIAL DERIVATIVE MATRIX
0F THE INVERSION EQUATION

ARRAY CONTAINING THE DIFFERENCE MATRIX OF THE
INVERSION EQUATION

ARRAY CONTAINING OBSERVED DATA TRACE

RMS AMPLITUDE OF UNWEIGHTED DIFFERENCE MATRIX
NUMBER 0OF REFLECTION COEFFICIENTS IN MODEL
NUMBER OF VALUES IN SYNTHETIC SEISMOGRAM
ITERATION NUMBER OF INVERSION LOQOOP

ARRAY CONTAINING CURRENT VALUES FOR MODEL
PARAMETERS CIMPEDANCES + SCALE FACTOR IF APPL.)
NUMRER (OF TIMPEDANCES IN MODEL

ARRAY CONTAINING COEFFICIENTS OF WAYELET TC BE
CONVOLVED WITH REFLECTIVITY SERIES TO PRODUCE
SYNTHETIC SEISMOGRAM

LOGICAL VARIASLE DETERMINING WHETHER FILT

MUST 8t CONVOLVED WITH REFLECTIVITY SERIES 10
PRODUCE SYNTHETIC SEISMOGRAM

NUMBER CODS WHICH DENJOTES WHAT TYPE OF GAIN MUST
BE APPLIED TO DATA TO PRODUCE SYNTHETIC SEISMOGRAM

ARRAY CONTAINING U MATRIX FRO™M SINGULAR VALUE
DECOMPOSITION

ARRAY CONTAINING V MATRIX FROM SINGULAR VALUE
DECOMPOSITION

ARRAY CONTAINING WEIGHTED CORRECTIONS FQOR EACH
PARAMETER

BEST DAMPING FACTOR

ARRAY CONTAINING EIGENVALUES FROM SINGULAR VALUE
DECOMPOSTION

I RS2 2R RS R R 22 R A R 2R S S S R R R R R R R R R T RS R RS SR

SURROUTINE SVD(PRT,V,DIFF4SEISMDySUM NPMyMDLNTH,ITER,DF,INGESS,
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oo

RN aNel

oo

OO0

£ NIMPD,FILT9ANSS5,SCLyRAMDA)
DIMENSION PRTCLC000),V(10000)4DIFF(MDLNTH) ySEISMD(MOLNTH)
DIMENSION CK(3),ER(3),ERRC101),RAMDACI01),HOLDCL00)4FILT(L11C)
REAL INGESS(C100)
NPR = NPM
WRITE (44900)

900 FORMAT (1Xye° ENTERING HYSVD®)

SINGULAR VALUE DECOMPOSITION

3501

CALL HYSVD(pRTQVQRAMDA’MDLNTH,NPR,OTRUEO'.TRUE. ’l)
WRITE (4490C1)
FORMATY (1X,° EXITING HYSVD®)

PERFOR™ FIRST PART (F MATRIX MULTIPLICATION FOR SOLUTION

1u

N 10 I
HOLO(CI)
N =1

DO 10 J=1¢MDLNTH

HOLDCTI) HOLDCI) + PRT(NIXDIFF(Y)

N = N + NPR

IHOLD = ITER

IF (ITER.GT.0 .AND. DF.GT.RAMDA(NPR)) ITER = Q
IF (ITER.GTLG) RAMDA(CNPR+1) = DF

1

[T

'CALCULATE BEST DAMPING FACTOR

CALL TESTR(RAMNDA,VyNPRyCKoyERRySUMYITERySEISMDyHOLDyINGESSyMDULNTH,
& MIFMPD L FILT 4ANSS,SCL) '
CALL SFARCH (CKyERRGRAMNAZV9SETSMDyNPRMDLNTHyHOLDyINGESS,

& NIMPNDZFILTyANSS,4SCL)

187

PE

29

40
3y

ITER = IHOLD

DF = CK(2)

WRITE (44187) NF
FORMAT (1X,4F12.6)

RFJRM™ LAST PART OF MATRIX MULTIPLICATION FQOR SOLUTION

DO 23 T=14NPR

RAMDACI) = RAMDA(I) / (RAMDA(I)»#2 + DF*#2)
HOLDCI) = RAMDA(CI) « HOLDCI)

N =20

DO 30 I=1,NPR

DIFFCI) = 0.0

D0 4G J=1yNPR

DIFFCI) = VIN+JI*HOLD(J) + DIFFCI)D
N = N + NPR

RETURN

END
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SUBQUUTiNE DIFADD ADDS THE PARAMETER CORRECTION TO THE IMPEDANCE PARA

I R I R R R R R R R RS R 2 R R R RS RS R R R RS R R SR RS S R R 2 R R 2B 2

'SAﬁPLE CALL STATEMENT: CALL DIFADD (OIFFsINGESH.INGESS»NPRySCL)

INPUT DIFF = ARRAY CONTAINING WEIGHTED PARAMETER COURRECTIONS
"INGESS = MODEL PARAETERS BEFORE CORRECTION
NPR = NUMBER 0OF MODEL PARAMETERS
SCL = NUMBER CODE wHICH DENOTES WHAT TYPE OF GAIN MUST

BE APPLIED TO DATA TO PRODUCE SYNTHETIC SEISMOGRAM

OUTPUT: INGESH = MQODEL PARAMETERS WITH PARAMETER CORRECTIONS

IR S R R R R R R R R R R P R R R R R A R R R R R R R R R ]

OO0 OO OO OO OO0 OO0

SUBROUTINE DIFADD (DIFF,INGESHs INGESSyNPR,SCL)
DIMENSION DIFF(NPR)SINGESHC100),INGESS(C100)
ReEAL INGESS, INGESH
IF (SCL.NE‘“.O «AND DIFF(NPR‘I).LE0-00IO) DIFF(NPR-I) = =0.15
IF (SCLNE.4.0 +AND. DIFF(NPR=1).GEe0+10) DIFF(NPR-1) = (.10
no 10 I=2yNPR
J=1-1
IF (SCL.NE0400 s ANDe DIFF(J)QLE.‘OQZO) DIFF(J) = -0020
IF (SCLeNEe4e0 oANDe DIFF(J)eGELD0.20) DIFF(Y) = 0.29
10 INGESHCTI) = INGESSCI) * (10*sDIFF(I~-1))
RETURN
END
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SURRQUTYINE TESTR FINDS THREE POINTS BETWEEN WHICH THE BEST
NAMPING FACTOR LIES. THE SUBROUTINE SEARCHES THROUGH THE
EIGENVALUES INITIALLY.

(WITH THE EXCEPTION OF MINOR CHANGES, THE PROGRAM IS THAT
OF DRe CHARLES STOYER, CSM)

AR K EL RN EASE RV R RN R EAKCE R KR XX KR KRR KRS EE KRR RS AR KR E R R R RERKER K EE XX

SAMPLE CALL STATEMENT?:  CALL TESTR(RAMDA,VyNPM,CK4ERR,SAVE,
TTTERySEISMNDGHOLD gy INGESSyMOLNTH NIMPDZFILTHANSSySCL)D

INPUTZ RPAMDA = ARRAY CONTAINING EIGENVALUES FROM SINGULAR
VALUE DECOMPOSITION
v = ARRAY CONTAINING v MATRIX FRQOM SINGULAR VALUE
DECOMPOSITION
NPM = NUMBER (OF REFLECTION COEFFICIENTS IN MODEL
SAVE = RMS ERRQR OF PREVIOUS ITERATION
ITTER = ITERATIUN NUMBER QF INVFRSION LOOP
SEISMD = ARRAY CONTAINING OBSERVED DATA TRACE
HOLD = ARRAY CONTAINING FIRST PART OF MATRIX
MULTIPLICATION FOR SOLUTION
INGESS = ARRAY CONTAINING CURRENT VALUES FOR MODEL
PARAMETERS (IMPEDANCES + SCALE FACTOR IF APPL.)
MOLNTH = NUMBER OF VALUES IN SYNTHETIC SEISMOGRAM
NIMPD = NUMBER OF IMPEDANCES IN MODEL
FILT = ARRAY CONTAINING COEFFICIENTS OF WAVELET TO
BE CONVOLVED WITH REFLECTIVITY SERIES TO
PRODUCE SYNTHETIC SEISMOGRAM
ANSS = LOGICAL VARIABLE DETERMINING WHETHER FILT

MUST BE CONVOLVED WITH REFLECTIVITY SERIES TO
PRODUCE SYNTHETIC SEISMOGRAM

SCL = NUMBER CODE WHICH DENOTES WHAT TYPE OF GAIN MUST
8 APPLIED TO DATA TO PR0ODUCE SYNTHETIC SEISMOGRAM

QUTPUT CK = ARRAY CONTAINING THREE POINTS BETWEEN WHICH
THE 3EST DAMPING FACTOR LIES.
ERR = ARRAY CONTAINING THE ERRORS FOUND BY USING THE
THREE DAMPING FACTORS IN ARRAY (K

XEXE KSR KPP E R KA XA B R AR R SRR XA LA XK R AL R R A A KRR LR R AR SRR R KR EEFE S &

sEealaNelasNeNaEaleloEaNeleialaloNalaleNelalaNaioNalolalaoNelalaNeNoNeNaNoNeolaNelaloNelaEaNeNaNa N RN el @)

SUBROUTINE TESTRC(RAMDA,V NPMyCK9ERRySAVEZITTERySEISMDsHOLD »
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€ INGESSyMDLNTHsNIMPD,FILT,ANSS,ySCL)

REAL INGESS(C100)

DIMENSION RAMDACI01),SETISMDC100),HOLDC100),FILT(110)

DIMENSION CK(3),ERR(101)

DIMENSION v(10000),AC10000)

NE = NPV

ITER = 0

WRITE (4,1111)
1111 FORMAT(® ENTERING TESTR®)
¢
C SEARCH AMONG EIGENVALUES FOR THREE POINTS BETWEEN WHICH LIES
C THE BEST DAMPING FACTOR
C

IF CITTERGT.0) NF = NE + 1

IT=NE

SAVE1Q0=2.%SAVE

INE=NE+]

CO 10 I=1yNF

INE=INE=-]

ERRCINE)=ERMSSCRAMDAZV,SEISMDSRAMDACINE) yNPMyMDLNTH HOLDSINGESS,
& NIMPDyFILTyANSS5,SCL)

IFCERRCINE) oGTo SAVELDIGO TN 20

IF(.9999%ERR(CINE) .GE. ERRCITIIGO TO 10

IT=1INE
13 CONTINUE .
290 CK(2)=RAMDACIT)

ER2=ERRCIT)
IFCIT «NEs NEDXGO TO 30

IF MINIMUM ETGENVALUE IS NOT SMALL ENOUGH, GENERATE SMALLER NUMBER

(g NaNel

CK(1)=CK(2)=*.2
ER1=ERMSS(RAMDA,VySEISMDZCKC1)yNPMyMDLNTHHOLD s INGESS,NINMPD,
& FILTLANSS,SCL)
25 IF (ER1.GELER2) GO TO 490
Ck(3) = CK(2)
ER3 = ERZ
CK(2) = CK(C1)
ER2 = ER]
CKC1) = CK(2)#0.2
ER]1 = ERMSS(RAMDA’V'SEISMD,CK(1)'NPMQM-DLNTH ’HOLO’ INGESS,NIMPDQ
& FILTHANSS5,SCL)
ITER = ITER + 1
IFCTITER.LTL7) GO TO 25
GO 10 40
30 CKC1)=RAMDA(CIT+]1)
ER1I=ERR(CIT+1)
J IFCIT oNE. 1) GO TO 50

IF LARGEST EIGENVALUE IS NOT LARGE ENOUGHy GENERATE LARGER VALUE

OO0 s
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OO0

CK(3)=CK(2)*10.
ERI=ERMSS(RAMDA,VySETSMD,CK(3)yNPMyMDLNTHyHOLDy INGESSoNIMPD,
& FILT9ANSS5,SCL)
GO TO 60C
50 IF (ITER.GE.1) GO T0O 60
CK(3)=RAMDA(CIT-1)
ER3=ERR(CIT-1)

INSERT ERRORS INTD ARRAY

ERR(1)=ER1
ERR(2)=ER2
ERR(3)=ER3
RETURN

END
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SUBROUTINE SEARCH TAKES THE THREE PJINTS BETWEEN WHICH LIES THE
BEST DAMPING FACTOR AND INTERPOLATES TO FIND THE LEAST ERROQOR
DAMPING FACTOR '

(WITH THE EXCEPTION OF MINOR CHANGES, THE PROGRAM IS THAT
OF DR. CHARLES STOYER, CSM)

I R R R 2R R S R R R R R R R R R e R R e R R R R R E R S R R R R R R R S SR R 2]

SAMPLE CALL STATEMENT: CALL SEARCH(CK,ERyRAMDA,V,SEISMD NP M,
MOLNTHoHOLD s INGESS yNIMPDSFTILTHANSSoSCL)

INPUT S CK = ARRAY CONTAINING THREE POINTS BETWEEN WHICH THE
8EST DAMPING FACTOR LIES
ER = ARRAY CONTAINING THE ERRORS FOUND BY USING THE
THREE DAMPING FACTORS IN ARRAY (K
RAMDA = ARRAY CONTAINING EIGENVALUES FROM SINGULAR
VALUE DECOMPQOSITION

V = ARRAY CONTAINING V MATRIX FROM SINGULAR VALUE
DECOMPOSITION
SETS¥D = ARRAY CONTATNING OBSERVED DATA TRACE
NPM = NUMBER OF REFLECTIUN COEFFICIENTS IMN MODEL
MDLNTH = NUMBER (OF VALUES IN SYNTHETIC SEISMOGRAM
HOLD = ARRAY CONTAINING FIRST PART JF MATRIX
MULTIPLICATIUN FJR SOUOLUTION
INGESS = ARRAY CONTAINING CURRENT VALUES FGR MODEL
PARAMETERS (IMPEDANCES + SCALE FACTCOR IF APPL.)
NIMPD = NUMBER OF IMPEDANCES IN MOIDEL
FILT = ARRAY CONTAINING COEFFICIENTS OF WAVELET TO
PRODUCE SYNTHETIC SEISMOGRAM
ANSS = LOGICAL VARIABLE OETERMINING WHETHER FILT

MUST BE CONVOLVED WITH REFLECTIVITY SERIES T
PRODUCE SYNTHETIC SEISMOGRAM

SCL = NUMBER (CODE WHICH DENOTES WHAT TYPE (OF GAIN MUST
BE APPLIED TO DATA TGO PRODUCE SYNTHETIC SEISMOGRAM

QUTPUT CK = ARRAY CONTAINING THREE POINTS WITH THE CENTER
POINT BEING THE BEST DAMPING FACTOR
ER = ARRAY CONTAINING THE ERRORS FOUND BY USING THE
THREE DAMPING FACTORS IN ARRAY (K

SR 2 R 2 R R R R R R S s R L R R R R R R R AL R R R RS R R R S RS R R 2 2 2

sNeNeNalsleNasNsNalalaNalolalaslslalalalalalialeiaslolelalasiaNalalaNaNalaNaNaNalalaNalaNalalaNaNaRaNa N el e



1-2223 172

SUBROUTINE SEARCHCCK ERyRAMDA)VsSETSMOyNPMyMDLNTHsHOLDy INGESS,
& NIMPD,FILT4ANSS,SCL)

IMPLICIT LAOGICALCL)

REAL INGESS(C100G)

DIMENSION RAMOA(CLO1),SETISMDC100),HOLDCL00),FILT(11D)

DIMENSION CK(3),ER(3)

DIMENSION V(10000),A(10000)

WRITEC4,1111)

1111 FORMAT(® ENTERING SEARCH?)
ITER=9
SvP=0.
SvyM=(,
C
C CHECK TQ SEE IF THE MIDNLE POINT OF THE THREE POINTS BETWEEN WHICH
C THE BEST DAMPING FACTOR LIES IS THF LEAST ERROR POINT
C

LTREND=LMONOCER)
IFCLTRENDIGG TO 100
CONTINYE

o

CHECK TO SEE IF CONVERGENCE IS REACHED IN DETERMINING
MINIMUM ERROR POINT

OO O

IFCLSHALCERD))IGO T3 209
ITER=ITER+]
IFCITER GTe 9)GU TO 267

GENERATES INTERMEDIATZ POINTS IN SEARCH MINIMUM

[aEaNel

CKP=SGRT(SORTC(CK(3)«CK(2)*CK(2)+CK(2)))
CKM=(CK(1)*CK(1I*CK(2I#CK(2I*CK(2))%=%a2

CALCULATES ERRORS FNR INTERPOLATED POINTS

[aNeNe!

IFCCKP «NE. SVP)IERP=ERMSS(RAMDA,V4SETSMD,CKPyNPM¥,MDLNTH,
& HOLDSINGESS yNIMPD,FILT4ANSS5,SCL)

SvP=CKpP

IF(CKY NE, SVMIERM=FRMSS(RAMDA,VySEISMD,CKM NPM¥,MOCLNTH,
& HOLDyINGESS NIMPD,FILTHANSS5,SCL)

SvM=CKM

IFCERP .GTe ERM)IGI TQ 2C

IFCERP GTe. ERC2))GO TO 15

ACCORDING TD WHERE LEAST ERROR POINT IS,
ASSIGNS NEW VALUES TO THREE POINTS AND THEIR ERRORS

OO0

CK(1)=CK(2)
ER(1)=ER(2)
CK(?)=CKP
ER(2)=ERP
G0 T0 10
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15

20

10¢

11)

200

CK(1)=CKM

ERC1)=ERM

CK(3)=CKP

ER(3)=ERP

G0 70 19

IFCERM GT. ER(2))GO TO 15
CK(3)=CK(2)

ER(3)=ER(2)

CK(2)=CKM™

ER(2)=ERM

G0 TO 10

CONTINUE

IFCER(2) LT. ERC1DIGO TO 110
CK(2)=CK(1)

FR(2)=ER(1)

RETURN

IFC ERC2) oLTe ERC3IIRETURN
CK(2)=CK(3)

ER(2)=ER(3)

RETURN

END

173
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FUNCTION LMONOC DETERMINES IF THE CENTER POINT OF THREE
POINTS IS THE LEAST ERROR POINT

(WITH THE EXCEPTION OF MINOR CHANGES, THE PROGRAM IS THAT
OF DRe CHARLES STOYER, CSM)

I RSS2 R S R R 2 S R R S R R R R R R R R R R A R R R R R R R SRR SRR R R 22 2

SAMPLE CALL STATEMENT: LMONDO(P)

INPYT: P = ARRAY CONTAINING THE ERRORS OF THE THREE POINTS

QuUTPUT LMOND = LOGICAL VARTIABLE DENOTES IF ERROR TREND
IS MONOTONIC (TRUE) OR IF CENTER IS
LEAST ERRQOR POINT (FALSE)

(2 E 3 R R SRS E R R S R 2 R E R R RS R R R R R R R R R SRR RS R R R R R R 2

OO OO OO OO O OO0 N0 OO

FUNCTION LMCNOCP)

IMPLICIT LOGICAL (L)

DIMENSION P(3)

LMONO=P(1)+LT4P(2) +0Re P(3)elTeP(2)
RETURN

END
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FUNCTION LSHAL DETERMINES IF CONVERGENCE HAS BEEN REACHED
IN SEARCH FUOR LEAST ERROR POINT

(WITH THE EXCEPTION OF MINOR CHANGES,

OF DR. CHARLES STOYER, CSM)

THE PROGRAM IS THAT

22T 2R SR RS R R 2 R R R R R R SR SR R R R SRR R R SRR S T

SAMPLE

INPUT S

QUTPUT

LSHAL

CALL STATEMENT: LSHALCE)

m
[]]

LOGICAL VARIABLE DENOTING

ARRAY CONTAINING THE ERRORS OF THREE POINTS

IF CONVERGENCE HAS

BFEN REACHED (TRUE) OR NOT (FALSE)

R R RS R R R R R R R R R R R R R R R R R R R R RS R RS R R ISR

FUNCTION LSHALCE)
IMPLICIT LOGICAL(CL)
DIMENSION EC(3)

LSHAL =

«FALSE.

IFCECLI)/ZE(C2) «GT, EMIN)RETURN
IFCEC3)/7EC2) +GTo EMIN)IRETURN
LSHAL=.TRUE.

RETURN
END
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FUNCTION ERMSS COMPUTES THE RMS ERRQR FQR DIFFERENT DAMPING FACTORS

t*##t##*#‘t**&t#t*#tt#*#t#t*tttt#t#*‘ttttt#t#*#*t*#‘***#*#t‘

SAMPLE

INPUTS

gutpPuT:

CALL STATEMENT! ERMSSCRAMDA,VySEISMD,0FsNPR,yMOLNTH,
HOLD s INGESSsNIMPD oFILT 9 ANSS,SCL)

RAMDA = ARRAY CONTAINING EIGENVALUES FROM SINGULAR
VALUE DECOMPOSITIGN

V = ARRAY CINTAINING V MATRIX FRO¥ SINGULAR VALUE
DECOMPOSITION
SEISMD = ARRAY CONTAINING OBSERVED DATA TRACE
DF = DAMPING FACTOR :
NPR = NUMBER QOF PARAMETERS CORRECTIONS
MOLNTH = NUMBER OF VALUES IN SYNTHETIC SEISMOGRAM
HOLD = ARRAY CONTAINING FIRST PART OF MATRIX
MULTIPLICATION FOR SOLUTION
INGESS = ARRAY CONTAINING CURRENT VALUES FOR MIDEL

PARAMETERS (IMPEDANCES + SCALE FACTOR IF APPL.)

NIMPD = NUMBER OF IMPEDANCES 1IN MODEL
FILT = ARRAY CONTAINING COEFFICIENTS OF WAVELET 710
PRODUCE SYNTHETIC SETSMIGRAM
ANSS5 = LOGICAL VARTARLE DETERMINING WHETHER FILT
MUST BE CONVOLVED WITH REFLECTIVITY SERIES 10
PRODUCE SYNTHETIC SEISMOGRAM
SCL = NUM3ER CODE WHICH DENOTES WHAT TYPE OF GAIN MUST
BE APPLIED TO DATA TO PRODUCE SYNTHETIC SEISMIGRAM
ERMSS = ERROR ASSOCIATED WITH INPUT DAMPING FACTOR

(2 X2 S S R R R R R R R R R R R R R R e R R R R R RS 2 R R 2SR R LR D

FUNCTION ERMSS(RAMDA,VySEISMDyOF yNPRyMOLNTH HOLD 9 INGESSsNIMPD,
& FILTSANSS5,SCL)

NIME

NSION RAMDA1C100),DELTAP(C100),HOLD1C1CO), INGESH(109)

DIMENSION SEISICC150),RCLGCISNI»FILT(C110)
DIMENSION RAMDAC101),V(10000)ySEISMD(MDLNTH)IZHOLDCICOC)

NIME

NSTON INGESSC100)

REAL INGESS,»INGESH
DATA ANO/°NO°/

NPM
N =

= NIMPD - 1
0

SOLVE FOR PARAMETER CORRECTIONS WITH INPUT DAMPING FACTOR
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[N aNel

[N eaNal

[N eNaNeal

10

177

DO 10 I=1’NPR

RAMDAI(I) = RAMDACI) 7 C(RAMDA(I)*=%2 + DFxx2)
HOLD1CI) = RAMDALICI)*HOLDCI)

DO 20 I=14NPR

DELTAP(I) = Q0.1

D3 30 J=1,4NPR

DELTAP(CI) = V(N+J)*HOLD1(J) + DELTAPC(CI)

N = N + NPR

NPR1 = NIMPD

IF (SCL.NE.4.0) NPR1 = NIMPD + 1}

ADD CORRFCTIONS TO CURRENT MODEL PARAMETERS

CALL DIFADD(DELTAPoINGESHyINGESSyNPR1,SCL)

CALCULATE FORWARD SOLUTION

21
25

CALbL TPLRC C(INGESH,NIMPD,RCLG)

CALL FWRDCRCLGyNPM,SEISIC,MOLNTH)

IF (ANSS5.EQ.ANI) GO TO 25

CALL FOLD(MDULNTHSEISICy35,FILT9LCHyRCLG)

D3 21 K=14yMDLNTH

SEISICC(K) = RCLG(K)

SCALFC = INGESS(NPRD)

1F (SCLeNFe4o0) CALL SCALCSEISICoSCALFC,SCLsMDLNTH)

CALCULATE ERROR BETWEEN D3SERVED DATA TRACE
AND CALCULATED SYNTHETIC

CALL ERMSCSEISMD,ZSEISICHDELTAP ¢MDLNTHHERMSS)
RETURN
ENU



178

T-2223
C s kaexoaxxexsktxexns START OF SVD S5k 2& 2k kxehxskbrbdns
C
SUBROUTINE HYSVD (Ag VoS M Ny WITHUSWNITHV,IW)
C
INTEGER My Ny P
REAL Ry Wy CSy SNy TOLy Fy Xy EPSy Gy Ty Y
RELL ETAy Hy Qy 2
INTEGER Is Js Ky Ly L1y N1y NP
LOGICAL WITHU, WITHYV
DIMENSION SIND

DIMENSICN AC100C0),v(1000C)

THIS IS A TRANSL
FORTRAN IV. THI
A LONG PRECISION

THIS SUBROUTINE
689 é 3

AS ALGGRITHM™ 358

AND LESS OBSCURE

ORIGINAL PROGRAM
360 VERSION BY=
LAST REVISIUON OF

- e wr - - -

- e r s s e - an -

OF A REAL MxN MA
SUCH THAT

A
WHERE
U IS AN

v IS5 AN

it

- "_\‘/

AND S IS AN

A

= RFAL ARRAY,
THE ORTIGINAL

THE MATRIX U

aXeNelnlaleksEkesEsEalalaEeleiasNaleo s aNaoloNelolaNeolelaNoloalaNeoNalaNalaNaNaNal el

- s e = - w> o - - -

LODITIONAL SURROUTINE NEEDED=

et AT
s 550

- - D G A A T R WS ND WD WL S TR AR G AR D PGP 4D WP R S Eh R R W G R AR TS D @R R YD W W A G R = =

ATION OF A CDC 6600 FORTRAN PROGRAM TO IBM 360
S SUBRUUTINE USES SHORT PRECISICON ARITHMETIC.
VERSION IS AVAILABLE UNDER THE NAME [DSVDC.

REPLACES EARLIER SUBROUTINES WITH THE SAME NAME,
Z0% S OF A COMPLEX ARZTHMETIC PROGRAM, PUBLISHED
THIS CURRENT PROGRAM IS FASTER, MORE ACCURATE

IN DESCRISING ITS CAPARILITIES.

MER= Re Co SINGLETON
Jeo Go LEWIS

THIS ‘SURRQUTINE= 4 DECEMBER 1973

- - P o D e e W e D WS M WP e W A R G Gk Gm D S T WS GBS An h A W > WS W

ROTATE

THIS SURROUTINE COMPUTES THE SINGULAR VALUE DECOMPOSITION

TRIX Ay T.E. IT COMPUTES MATRICES U,y Sy AND V

U S x VvT

MsN MATRIX AND UT*U = I, (UT=TRANSPOSE
gF U),

N&N MATRIX AND VT*y = I, (VT=TRANSPOSE

h 0F V),

NaxN DIAGONAL MATRIX.

DESCRIPTION OF PARAMETERS=

A CINTAINS THE MATRIX TO BE DECOMPOSED.
DATA ARE LOST. IF WITHV=.TRUE.s» THEN
IS COMPUTED AND STORED IN THE ARRAY A,
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MgN = INTEGER VARIABLES. THE NUMBER OF ROWS AND COLUMNS
IN THE MATRIX STORED IN A. (NG=M(6=100. IF IT IS
NECESSARY TO SOLVYF A LARGER PROBLEM, THEN THE
AMOQUNT OF STORAGE ALLOCATED TO THE ARRAY T MUST
BE INCREASED ACCORDINGLY.) IF MLT N o THEN EITHER
TRANSPUSE THE MATRIX A OR ADD ROWS OF ZERQS 71O
INCREASE M TO N.

P = INTEGER VARIABLE. IF PLOy THEN COLUMNS N+l, o o o«
N+P OF A ARE ASSUMED TO CONTAIN THE COLUMNS OF AN M#P
MATRIX Be THIS MATRIX IS MULTIPLIED BY UT, AND UPON
EXITy A CONTAINS IN THESE SAME COLUMNS THE N*P MATRIX
UT*3, (PL=])

WITHUs WITHV = LOGICAL VARTABLES. IF WITHU=.TRUE.y THEN
THE MATRIX U IS COMPUTED AND STORED IN THE ARRAY A,
IF WITHV=eTRUE.s THEN THE MATRIX V IS COMPUTED AND
STORED IN THE ARRAY Vv,

S = REAL ARRAY., S(1)y o o« « s SCN) CONTAIN THE DIACONAL
ELEVMENTS OF THE MATRIX S ORDERED SO THAN SCIDE=S(I+1),
I:l’ ] ° ® [] N-lo

¥ = REAL ARRAY, V CONTAINS THE MATRIX V. IF WITHU
AND WITHY ARE NUT 80TH =.TRUEe.y THEN THE ACTUAL
PARAMETER CNRRESPONOING TO A AND V MAY BE THE SAME,

THIS SUBROUTINE IS A REAL VERSION QOF A FORTRAN SUBROUTINE
BY BUSINGER AND GOLU3, ALGORITHM 353= SINGULAR VALUE
DECOMPOSITION OF A COMPLEX MATRIX, COMM, ACM, V. 12,

NO. 10y PP, 564-565 (3(CT. 1969).

WITH REVISIONS BY RC SINGLETON, MAY 1972,

- n . A ED W D WD G TS W - - D D Wn s e WP WGP e AP WP WP TS WD D WD W WD MR WD G S WD TR D WD WS N En D A R W e S W Se R WD W W W WS

aEalalelelasNelalaNalelieoleNaNelaNoelolaNelalaNelaNoaNeNaNeloNaNaNeNe Reale)

DIMENSION T(250)

CATA PrC/
C
c ECLIPSE CONSTANTS
DATA ETA,TOL/1e9E-79141E-3G/
C
c DATA ETA,TOL /1.5€6-15,1.E-250/
C
C
C ETA (16%%x-6) AND TOL (16%%-59) ARE MACHINE DEPENDENT CONSTANTS
C FOR IBM 360/370 COMPUTERS (SHORT FORM ARITHMETIC).
C ETA IS THE MACHINE EPSILON C(RELATIVE ACCURACY):
C TOL IS THE SMALLEST REPRESENTABLE REAL DIVIDED BY ETA.
C
NP = N ¢+ P
N1 = N + 1
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c
C

10
C
C

[aNe

4G
41

50

HOUSEHOLOER REDUCTION TO BIDIAGONAL FORM
G = 0.0

EPS = 0.0

L =1

T(L) = 5§

K = L

L =L +1

ELIMINATION OF ACI4K)y T=K+1l, .

S(K) = 0.9

7 = .\

K = (K=1)=N + K

= KK

20 T = KoM

L = 1 + ACIK)*%?
IK = IK + N

F (7.LT,T0L) GOTO 590

SQRT(Z)

ACKK)

F (FeGEaO&2) G = = 6

S(k) =6

H =06 % (F - G)

ACKK) = F - ¢

IF (KeEQeNP) GQTOQ 590

KS = (K-1)=%N

KSAY = KS + K

KL = KS + L

DO 41 J = LyNP

I
G
F
I

F =9
IK = KSAV
Iy = KL

F = F + ACIK)*ACIJ)
IKk = IK + N

1J IJ + N
F = F/H
IJ = KL
IK = KSAV

DO 40 I = KM
ACIJ) = ACIJ) ¢ F=A(IK)

I = IJ ¢ N
IK = IK ¢+ N
KL = KL + 1

ELIMINATION OF A(KyeJ)y J=K+2,

IF (K.EQ.N) GOTO 109
G 0.0

l 0.0

KL =V(K?1)#N + L

[}

EPS = AMAXI1CEPS,ABS(S(K)) + A3S(T(K)I))

180
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60
7o
80
9%
91
C
C
C
10¢
C
C
119
120

KJ
co

F

T O

607

TOLERANCE FOR NEGLIGIBLE ELEMENTS

EPS

ACCUMULATION OF TRANSFORMATIONS

IF
K =
GaTv

= KL

60 J = LN

1 =7 + A(KJI**2
KJ = KJ + 1
(Z.LTL.TOL) GOTO 10
SQRT(CZ)

ACKL)

(FeGEelaD) G = = 6

= G ¢ (F - G)

L) = F -G

= LN
T(J) = A(KJII/H
KJ = KJ ¢+ 1
= (L=1)*N + L

G1 I = LM

F =0

KJ = KL

Td = LL

Do BG J = L,N
F = F + a(KJI*ACTJ)
Kd = KJ + 1
I1IJ = 14 + 1

I = LL

DO 99 J = LN
ACIJ) = ACIJ) + FxaT(J)
I = 14 + 1

LL = LL + N

0 10

= EPSs*ETA

CeNOTWWITHV) GOTO 160

N

0 140

IF (TCLD)WEQ.0.0) GOTO 140
KL = (K=-1)*N ¢+ L

H ACKL)=T(L)

LL = (L=-1)=sN + L

DO 131 J = LN

Q =0
14 LL
K1 KL

DO 129 I = LN

Q = Q + AKIDdev(IJ)
IJ + N
KI + 1

181
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1338
131
140

15¢

176

1°v

199

KJ
00

KK

n K - N

IJ LL
KI KL
DO 1390 I

"o

v(I1J)

IJ =
KI =

LyN
v

(IJ) + QxA(KI)

IJ + N

= (K=1) %N

150 J =
VIKJ) =

1y
)

KI + 1
LL = LL +

1
+ 1
N

KJ = KJ + 1
= (K=1)%sN + K

K) = 1.5

-1

K
(KeNELO) GOTO 110

IF (JNOT.WITHU)

G = S(

N)

IF (GeNE.0&C) G

60 TU
KJ

210
= (K=1)=x

6070 2390

1]

1.0/6

N o+ L

DY 180 J = LN

G =

IF (GeEQe042) GOTD 2190

KK
H =
LSa
LL
KL
b0

A(KJ) =
KJ = KJ.
SCK)

= (K=1)=
ACKK) %G
v = (L-1
= LSAy +
= KK + L
271 J =
Q=19
= LSA

Iy = LL

D0 19

14 = XL

IK = KX

D3 200 1
ACIJ)
g =
IK =

)
+ 1

N o+ K

)N

L
- K

LN

Vv + K

LM

+ ACIK)®*ACIJ)

IK ¢ N
1 + N

IJ
1K

LL = LL + 1
KL = KL + 1

1.0/6

J) + Q#A(CIK)

182
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21C

220

[aNea

23C
240

(aNel

2790
280

290

OO

KK (K=1)*N + K

JK KK

DO 220 J = KoM
ACJK) = ACJIK)I=G

JK = JK ¢ N
ACKK) = A(CKK) + 1.0
L = K
K = K -1

IF (KoNESD) GOTO 170

QR DIAGONALIZATION
K = N

TEST FOR SPLIT

L = K
IF CABSCTCL)).LELEPS) GOTO 2990
L =L -1
IF (ABSCSCL))«GT.EPS) GOTO 240

CANCELLATION

(S = 0-0

SN = 1.0

L1 = L

L =1L + 1

DO 280G I = LK
F = SN*T(I)
T(I) = CS=TCD)
IF (ABS(F).LELEPS) GOTO 299

H = SCI)

W = SQRT(F*F + HaxH)
SCI) = W

CS = H/W

SN = - F/h

IF (WITHU) CALL HYROTCACL1),
IF (NP.EQeN) GOTO 280
L1J = (L1-1)&N + N1
IJ = (I-1)sN + N1
Q = ACLLY)
R = ACIJ)
ACL1J) = Q+CS + R=%xSN
ACIJ) = Rx(CS - QxSN
L1J = L1J ¢+ 1
I =14 ¢+ 1
CONTINUE

TEST FOR CONVERGENCE
W = S(K)
IF (L.EQ.K) GOTO 360

ORIGIN SHIFT

ACI),

CS»

SNy

L

183

N)
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(@]

c

QR

F

M O N X O € X

ST
CS
SN
L1
00

ACTY)
™14

340 IJ
350

T(
T(
SC

184

SCL)

S(K-1)

T(K=-1)

T(K)

CCY = WXCY + W) ¢ (G = HI*(G + HI)/(2.0¢H=*Y)
SQRT(F*xF + 1.0)

(FOLT.OOO) G = - G

((X = W)*x(X ¢+ W) + (Y/(F ¢ G) = HI*H)I/X

EP

[ ) [ ]
-t OO
| b

= L1,sK
TCID
SCI)
SN%G
CS*G
SQRT(H=%=H + FxF)
-1) = W
= F/W
= H/W
X*CS + G*SN
G*¥CS - X=*SN
H Y*SN
Y Y=CS
IF (WITHY) CALL HYROT(Vv(I-1), V(I)y CSy SNy Ny N)
W = SQRT(H=H + F=*F)
SCI-1) = W
CS = F/w
SN = H/W
F CS*G + SNeY
X CS*Y - SNxG
IF (WITHU) CALL HYROTCA(CI-1), ACI), CS, SNy M, N)
IF (NJEQ.NP) 5G0OTO 350
IM1J = (I=-2)sN + N1
IJ = IM1J + N
DO 340 J = N1lyNP
Q = ACIM1Y)
R = ACIJ)
ACTIM1J) = QxCS + RSN
= RsCS - Q=SN
= IM1JY + 1}
10 ¢+ 1
CONTINUE

~ w
O e

~“ EOIT <O WIN N H

MmO
Zwn

W o nn

L)
K)
K)
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c
360

370
389

390

4C0
410

420
430

440
450

CONVERGENCE
IF (W.GE.0.2) GOTO 380
S(K) = - W
IF («NOT.WITHV) GOTO 380
JK = K
03 370 J = 1N
VJK) = - vJK)
JK = JK + N
K =K -1
IF (KeNEJ.0O) GO T9 230

IF (IW.EQe2) RETURN
SORT SINGULAR VALUES
DO 450 K = 14N
G = =1.6
DO 393 I = K,4N
IF (SCI).LTL.G) GOTO 390

G = SCI)
J = 1
CONTINUE

IF (J «FQe K) GO TO 450
SCJ) = S(K)

S(K) = 6

IF («NCT.WwITHY) GOTC 410

IXK = K

10 =4

DO 400 I = 14N
Q = V(IL
v(IJ) = v(IK)
V(IK) = Q

IK = IK + N

Ig = IJ ¢« N
IF («NOT.WITHU) GOTO 430
IJ = J

IK = K

DO 420 I = 14M
Q = ACIW
ACTIJ) = ACIK)
ACIK) = Q

IJ = IJ ¢+ N
IK = IK + N
IF (N<EQ.NP) GOTO 450
JI = (J=1)&N + N1
KI = (K-1)xN + N1
DO 440 I = N1,yNP

Q = AUD)
ACJI) = A(KI)
ACKI) = Q

JI = JI + 1
KI = KI + ]}
CONTINUE

185
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RETURN
END



T-2223

o

19

SUBRUUTINE HYRCT (Xy Yy CSy SNy
INTEGER N
REAL X(13000)y Y(10000)y CSs SN
REAL XX
INTEGER J

NY = (N=1)2aNCOL + 1

DO 10 J = 14NM,NCOL
XX = X(J) }
XCJ) = Xxx£CS + Y(JDI=*SN
Y(J) = Y(J)*CS - XX=SN

RETURN

END

Ny

NCOL)

187



T-2223 188

BIBLIOGRAPHY

Bamberger,A.; Chavent, G.; Hemon, Ch.; and Lailly, P.,
1978, Inversion of normal incidence seismograms:
SEG preprint, Box 3098, Tulsa, OK.

Bamberger, A.; Chavent, G.; Lailly, P., 1977, Une appli-
cation de la theorie du controle a un probleme
inverse de sismique: Ann. Geophys., t 33, fasc. 1/2,
p 183-200

Braile, L. W., 1973, Inversion of crustal seismic re-
fraction and reflection data: Jour. of Geophys.
Research, V. 78, No. 32, p. 7738-7744

Gjevik, B.; Nilsen, A.:; and Hoyen, J., 1976, An attempt
at the inversion of reflection data: Geophysical
Prospecting, V. 24, p. 492-%0%

Gjevik, B. and Nilsen, A., 16782, Tnversion of reflection
data: Geophysical Prospecting, V. 26, p. 421-432

Golub, G. H., and Reinsch, C., 1970, Singular value
decompostion and least squares solutions: Numer.
Math., V. 11, p. 403-420

Goupillaud, P. L., 1961, An approach to inverse filtering
of near-surface layer effects from seismic records:
Geophysics, V. 26, p. 754-760

Hilterman, F. J.; Schneider, W, A.:; Alam, A., 1977,
W(t), The wavelet as a model component: Seg. 2,
SEG Continuing Education Symposium.

Johansen, H. K., 1977, A man/computer interpretation
system for resistivity sounding over a horizonatlly
stratified earth: Geophy. Prosp., V. 25, p. 667-691

Kunetz, G., 1963, Quelques exemples d'analyse d'en-
registrements seismiques, Geophysical Prospecting,
V. 11, No. 4, p. 409

Lancsoz, C., 1961, Linear differential operators: London,
D. Van Nostrand Co. Ltd., p. 100-161

Larner, K.: Robinson, J.; Stone, D.: Treitel, S., 1977,
R(t), reflectivity as a model component, Seg. 3,
SEG School, Houston, TX.



T-2223 189

Lavergne, M., and Willm, C., 1977, Inversion of seismograms
and pseudo velocity logs, Geophysical Prospecting,
V. 25, p. 231-250 :

Parker, R. L., 1977, Understaﬁding inverse theory: Ann.
Rev. Earth Planet. Sci., V. 5, p. 35-64

Pelissier, M. A., 1979, SH channel waves: Parameter
sensitivity and linear inversion for a deep coal
seam: M.Sc. Thesis, T-2199, Colorado School of Mines,
Golden, CO.

Robinson, Enders A., 1978, Multichannel time series
analysis with digital computer programs:
San Francisco, Holden Day.

Stoyer, C., 1978, Damping factor determination: Golden,
Colorado, Personal communication.

liggins, R. A.; Larner, K. L.; Visecup, R.D., 1976,
Residual statics analysis as general linear inverse
problem: Geophysics, v.41, no.5, p. 922-938

iggins, R. A., 1972, The general linear inverse problem:
Implication of surface waves and free oscillations
for earth structure: Rev. Geophys. Space Phys.,
v.10, p. 251-285

Wuenschel, P. C., 1960, Seismogram synthesis including
multiples and transmission coefficients: Geophysics,
v.25, p. 106-129.



