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ABSTRACT

Near-zone transient electromagnetic apparent
resistivity data is inverted in terms of a three-layer 
model (H type). Forward solutions are obtained using 
catalog lookup and interpolation, since forward 
calculations are expensive. Partial derivaties are 
obtained using finite differences. Model corrections are 
determined with a ridge regression estimator. Fastest 
possible convergence is forced at each iteration by 
calculating the squared error for several values of the 
ridge regression parameter, and choosing the value for 
which the error is the lowest.

The method is tested for both simulated and real data. 
Convergence takes an average of four iterations in both 
cases, and thus the method provides a fast and economical 
interpretation.
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INTRODUCTION

Time Domain Electro-Magnetic (TDEM) sounding is a 
group of methods which is capable of obtaining information 
about the electrical properties of the earth at depths of 
several kilometers or more. Some other electrical methods 
can be used to perform these soundings, for instance, the 
expanding array in the D.C. methods, and the Magneto 
Telluric methods, but it has been shown (Vanyan, 1967) that 
EM provide a better resolution than any other method.

A basic electromagnetic classification can be time 
domain, and frequency domain. With the frequency domain 
measurements, individual frequencies are transmitted and 
received. In time domain measurements, a step change in 
current is transmitted and a transient received. Depending 
on the separation between the transmitter and the receiver, 
the time domain methods can be classified into NZTDEM and 
LOTDEM. In the NZTDEM (Near Zone TDEM), the separation (R) 
between the transmitter and the receiver is considerably 
less than the thickness of the first layer (H1). In the 
LOTDEM (long TDEM), the separation R is larger than the 
thickness H1.

It is known that a single frequency has an effective 
depth of penetration (skin depth), thus measurements with
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different frequencies must be done in order to perform the
frequency sounding. The time spent in those soundings
could be greatly reduced if many frequencies were recorded 
at the same time. It is known by the theory of the Fourier 
transform, that a step function has a large frequency 
content. Transient methods thus record the information
that corresponds to a wide range of frequencies 
simultaneously. Then the sounding is performed in a very 
simple manner, when recording one transient.

The theory and interpretation methods for the 
frequency soundings have been extensively reported in the
literature. The theory of the time domain method is 
reasonable well developed (Keller, 1977) but a great effort 
must still be done in order to obtain all the information 
that is contained in a recorded transient.

Several methods are normally used for the 
interpretation of the TDEM data: maximum voltage method,
conventional graphical curve matching, and computer 
assisted techniques. A first step in the interpretation of 
the transient, is done by the maximum voltage method, which 
compares the characters of the response over the area 
surveyed. This comparison is done by plotting the values 
of the apparent resistivity which corresponds to the 
maximum voltage recorded in the transient. A more complete
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interpretation can be made with the theoretical derived 
curves for a layered earth (conventional graphical curve 
matching). This is a traditional technique very popular in 
some of the other methods. In the case of TDEM only a few 
catalogs of curves are available, and in addition to this 
fact, these curves tend to lack the characteristic shapes 
that make them so useful for matching purposes. Automatic 
interpretation techniques are more convenient methods than 
graphical curve matching, if a computer of moderate 
capability is available (Keller,1977). Two types of 
computer-assisted interpretation techniques have been 
widely used: generalized linear inversion, and optimal
simulation. These two methods perform a very accurate 
interpretation, but a large amount of computer time is 
required for the calculation of each single curve, and thus 
the cost of the process is very expensive for a commercial 
operation (Daniels, 1974).

An economical automatic method of interpretation is 
catalog interpolation. This method is developed in this 
work, using a set of theoretical layered-earth curves 
(NZTDEM) calculated by Kaufman (1970).
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MAIN FEATURES OF BEHAVIOUR OF TDEM IN NEAR ZONE

This chapter contains a brief description of some 
important features of the behaviour of EM fields in the 
near-zone. The transient EM field is created by passing a 
step function through a horizontal loop. The electric 
field at an observation point will be studied in most of 
the cases, which corresponds the loop-wire array. 
Application of the reciprocity principle (Vanyan,1967) will 
make this configuration valid for the wire-loop array.

In the first part of this chapter, expressions for the 
field of a uniform whole-space are studied. These 
expressions will give an idea about the propagation of the

9

EM field through the medium. Then the expressions of field 
in the uniform space are used to define the early and late 
time asymptotes. The resistivity formulas for the early 
and late time are obtained from the field expressions. 
Finally the ideas about propagation of the field are used 
to explain some important details of the apparent 
resistivity curves in a horizontal layered earth.
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EM FIELD OF MAGNETIC DIPOLE IN UNIFORM SPACE

The uniform space is an ideal earth model where the 
electrical properties of the medium are homogeneous and 
isotropic. The electrical properties mentioned are: 
conductivity, magnetic susceptibility, and dielectric
permeability. The description of the ideal model in this 
chapter is conducted towards an understanding of the 
propagation effects of the field through the medium.

At the time zero a step current passes through the 
source loop. Then three different stages (represented in 
figure 1) can be considered at the observation point 
(O.P.).

Stage 1 No signal.

The EM waves propagate through the medium with a 
certain velocity, this velocity of propagation will 
cause a lag in the arrival time of the EM waves. 
The time lag depends on the offset distance and 
some electrical properties of the material, but 
turns out to have a similar value in most of the 
cases (microseconds).
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Stage 2 Important effect of displacement curents>

When the signal arrives at the O.P., there is an 
abrupt change in the electric field. At this time, 
the major role in the generation of the magnetic 
field is played by the displacement currents. 
After this abrupt change, there will be a period 
where the contribution of the displacement currents 
into the generation of the magnetic field is still 
important. The time period will be (approx.) four 
times the value of the arrival time.

Stage 3 Quasi stationary field.

The influence of the displacement currents outside 
the range of time mentioned in the previous stage 
will be very small, which corresponds to the 
quasi-stationary field situation. In this 
situation, the main contribution to the magnetic 
field comes from the conduction currents. Normally 
some milliseconds after the switch-on the field at 
the observation point is in this situation. 
Conduction currents are then the most important 
factor, in other words, the property that has the 
main influence in the quasi-stationary stage signal 
will be the resistivity of the medium.
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The expression of the tangential component of the 
E-field in the quasi-stationary stage is represented in 
figure 2J two terms can be considered in this expression: 
geometric factor and parametric function. The parametric 
function (as it is described in Figure 2) gives an idea 
about some of the field properties. One of the properties 
that can be easily visualized is the propagation of the 
field, which is represented in figure 4 by means of a 
distribution of the eddy currents induced in the ground. 
Figure 4 represents the induction currents as a function of 
the distance, for different times. It can be observed that 
the maximum intensity of the induced currents is close to 
the source for small perids of time. As time increases, 
the maximum intensity decreases in absolute value and it is 
located farther away from the source. Two effects are thus
combined in time: a displacement of the eddy current focus
(location of maximum intensity) and a reduction of the
maximum amplitude of these currents.
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INPUT (TRANSMITTER)
0.

°|* *1° 5|o OUTPUT (RECEIVER)
' • i _► -A-  B ---- ----- -C

A. WAITING TIME (NO SIGNAL)
EM WAVES PROPAGATE WITH A CERTAIN 
VELOCITY V ± . THEN THERE IS NO SIGNAL 
UNTIL tQ . to=̂T *(,iSec-)

B. IMPORTANT EFFECT OF DISPLACEMENT CURRENTS
BECAUSE OF THE CHANGES IN THE ELECTRIC 
FIELD, DISPLACEMENT CURRENTS ARE 
IMPORTANT COMPARED WITH CONDUCTION 
CURRENTS.

C. QUASI-STATIONARY SITUATION,
THE DISPLACEMENT CURRENTS ARE SMALL 
AND CAN DE NEGLECTED. MAIN CONTRIBUTION 
TO THE MAGNETIC FIELD COMES FROM THE 
CONDUCTION CURRENTS (RESISTIVITY ).

FIGURE 1 EFFECTS AT THE OBSERVATION POINT DUE TO THE EXCITATION OF THE TRASMITTER *
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QUASI-STATIONARY E-FIELD 
OF MAGNETIC DIPOLE IN 
UNIFORM SPACE.

-
uniform space

!------- R

To »» O.P.tW-
transmitter
i

observation
point

5 -u 2/2 j u • eM-P

FOR
u = — T = (2-ir-p-t-10”7)1/2 

WHERE
P ........... RESISTIVITY OF THE MEDIUM
M ........... MAGNETIC MOMENT OF TRANSMITTER
R ........... OFFSET DISTANCE ( T.-O.P.)
t ........... TIME (sec.)
U ........... NONDIMENSIONAL PARAMETER
T ........... TRANSIENT PARAMETER

THE EXPRESSION CONTAINS:
SCALING FACTOR WITH PHYSICAL MEANING OF THE 

FIELD AND ITS UNITS.

Ks=
M-P

2 • it *R

PARAMETRIC FUNCTION DESCRIBES THE FIELD

e =

PROPERTIES AND IT HAS NO DIMENSION. 

5u - u 2/2

FIGURE 2 QUASI-STATIONARY E-FIELD OF MAGNETIC DIPOLE IN UNIFORM SPACE.
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100

1j0

0.1

OOI 0.1

T = V 2TT-p-1'10+7

(AFTER KAUFMAN,1977)

FIGURE 3T PROPAGATION OF THE CURRENTS AS FUNCTION OF THE 
DISTANCE.
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FIELD IN THE UNIFORM SPACE, EARLY AND LATE TIME 
ASYMPTOTES. APPARENT RESISTIVITY FORMULATIONS.

The half space corresponds to the model created by an 
interface between free-space (perfect insulator) and a 
homogeneous and isotropic conductive medium. This model is 
very useful in electrical prospecting because its 
similarities with the air-earth interface, where most of 
the EM data is collected.

The expression of the tangential component of the 
eletric field in the uniform space, is shown in figure 4. 
The expression has a structure similar to the formulas in 
figure 2, containing a scaling factor and a parametric 
function. The scaling factor has in itself the physical 
meaning of the field and its units. The parametric 
function contains information about the changes in the 
field, as a function of the nondimensional parameter u.

Two main asymptotic expressions can be defined from 
the formulas in figure 4: the early stage and the late
stage. The early stage, also called the wave zone, is 
defined for values of u which are significantly greater 
than one. It is obtained by taking limits of the 
expression in figure 4 when u goes to infinity. In a 
similar way, the late stage is defined for small values of
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u, and its expression is obtained by taking limits when u 
goes to zero.

The concepts of early and late time asymptotes are 
relative concepts in time. Their location depends on the 
value of the offset distance R, which can be observed from 
the definition of the parameter u. It is seen that 
distance (R) and time (t), play opposite roles when the 
limits are taken. Then in order to locate one of the two 
asymptotes in time, the offset distance must be taken into 
account•

The expression for the early stage asymptote is 
represented in figure 5 for the tangential component of the 
electric field. From this expression it is possible to 
obtain a formula for the apparent resistivity in the early 
stage of the transient. The derivation of this formula is 
represented in the same figure. The value of the apparent 
resistivity does not have a physical meaning, but it gives 
information about how much the measured field differs from 
uniform earth. A similar expression for the late stage 
asymptote of the tangential E-field is in figure 6. This 
figure also contains a formula for apparent resistivity, 
valid for the late stage.
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uniform half-space

TANGENTIAL COMPONENT OF

T -------R ------- T

CD *

free
space

THE E-FIELD IN A UNIFORM 
HALF-SPACE.

V —^  O.p.
r conductive

earth

THE EXPRESSION IS:

- 3 *M-P
Fe 2 - " - r4 ee

WHERE

e0 = ♦ (u>-( f  )1/2 .U. (l+“ > - e"u^2

AND

<j> (u) IS THE PROVABILITY INTEGRAL,
AND THE OTHER PARAMETERS WERE DEFINED IN FIGURE 2

THIS EXPRESSION CONTAINS (SAME AS FIGURE 2)
SCALING FACTOR
v _ 3-M-P 
s 2-tt-R4

AND PARAMETRIC FUNCTION (ee)

FIGURE 4 EXPRESSION OF THE TANGENTIAL COMPONENT OF THE 
E-FIELD IN A UNIFORM HALF-SPACE.
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EARLY STAGE APPARENT RESISTIVITY■

THE EARLY STAGE ASYMPTOTE IS OBTAINED BY TAKING 
LIMITS OF THE EXPRESSION OF THE FIELD IN A UNIFORM 
HALF SPACE (FIGURE 4), WHEN u GOES TO INFINITY.

IN A UNIFORM EARTH, THE VALUE OF THE RESISTIVITY 
OBTAINED FROM THIS FORMULA WILL BE:

4-tt.r4 _unif.
-  -----  e

WHEN THE EARTH IS NOT UNIFORM, THE RESISTIVITY IS:

4- TT-R4
pa = “T-M Ee

WHICH CORRESPONDS TO THE EARLY STAGE FORMULATION OF THE 
APPARENT RESISTIVITY, THIS RESITIVITY,DOES NOT HAVE A . 
PHYSICAL MEANING ,
BY DIVIDING THE TWO‘PREVIOUS EXPRESSIONS,

-p* - # if-

IT CAN BE SEEN, THAT THE APPARENT RESISTIVITY TELLS 
HOW MUCH THE FIELD MEASURED IN THE REAL EARTH DIFFERS 
FROM THE FIELD IN A UNIFORM EARTH.

FIGHJRE 5 EARLY STAGE APPARENT RESISTIVITY.
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LATE STAGE APPARENT RESISTIVITY

THE LATE STAGE ASYMPTOTE IS OBTAINED BY TAKING 
LIMITS OF THE EXPRESSION OF THE FIELD IN A 

UNIFORM HALF-SPACE WHEN u GOES TO ZERO •

_______ U5^ 2 -R«M______
9 ' 40.P3/2.,3/2.t5/2

IN A SIMILAR WAY AS WAS DONE WITH 
THE EARLY TIME FORMULATION (FIGURE 5), THE 
APPARENT RESISTIVITY FORMULA WILL BE:

P« = — 5/3
7T • t 5/3

M-R
40 .f/3. -2/3*0

AND COMPARE WITH THE APPARENT RESISTIVITY FOR THE 
UNIFORM EARTH?

Pa _ , E0 .-2/3
P ~ 1 unif. ]

WHICH MEANS THAT THE APPARENT RESISTIVITY TELLS 
HOW MUCH THE FIELD MEASURED IN A REAL EARTH DIFFERS 
FROM THE FIELD IN A UNIFORM EARTH.

FIGURE 6 LATE STAGE APPARENT RESISTIVITY.
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APPARENT RESISTIVITY CURVES IN HORIZONTAL LAYERED EARTH

In previous paragraphs some important features about 
the behaviour of the transient EM field in the near-zone 
were discussed. These features will be the key for the 
following description of the apparent resistivity curves in 
the uniform earth.

The set of theoretical apparent resistivity curves 
were calculated some years ago (1969) in Russia by 
A.A.Kaufman. For this purpose, the frequency range of 
integration was divided in three parts: low frequency,
intermediate frequency, and high frequency. Later, a 
specific method of calculation was applied in each of those 
intervals. With the ideas about propagation of the
field in mind, it is possible to explain some important 
details of these theoretical curves. These details will be 
described for the two layered earth model in the cases of 
resistive and conductive basement. Since these two models 
will characterize every geoelectrical situation, a similar 
approach can be extended to a three layer case.

Model 1 two layered earth with resistant basement

Figure 7 shows a set of master curves corresponding to 
this model. The curves are plotted as a function of the 
apparent resistivity versus time (normalized). Each curve
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corresponds to a model with a different second layer 
resistivity. In order to make the catalog general 
(independent of the first layer), the parameters have been 
normalized.

Each of these curves, which characterizes a 
geoelectrical situation, can be divided into four different 
parts ( A, B, C, D ) (figure 8 ).

Part A.- very early stage of the transient.

This part describes the resistivity in the wave
zone using the formulation of the last stage. It
can be observed for very small times.

Part B.- First layer asymptote.

The induced currents are confined in the upper 
layer at this time, then the information obtained 
at the observation point comes only from the first 
layer. It can be said that one can see only the
first layer from an apparent resistivity point of
view.

Part C.- Penetration into the second layer.

The propagation of the eddy currents can be
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simplified with the idea of "down and away". This 
idea combines two effects: a deeper penetration on
time with a spreading effect in each single layer.

At this time, the currents are beginning to 
penetrate in the second layer, the magnetic field 
induced by these currents still has a low density. 
The low density makes the second layer appear to be 
an insulator from an apparent resistivity point of 
view, with a slope of approximately -45 degrees in 
this part of the curve.

Part D.- Currents located mostly in second layer.

After some time, the maximum intensity of induced 
currents is located in the second layer. The curve 
at this time has an asymptote that is similar to 
the response of a uniform half space with the 
resistivity of the second layer.

Model 2 two layered earth model with conductive 
basement

Figure 9 shows another set of apparent resistivity 
curves, for the case of a conductive basement. In the same 
way as it was done before, it is possible to divide each
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curve in several parts, depending on the behaviour of the 
field ( A, B, B», C, D ) (figure 10).

Parts A and B.- These zones, depend only on the 
first layer resistivity, the explanation on zones A' 
and B of the previous model is valid here.

Part B*.- maximum of the curve.

The eddy currents begin to propagate through the 
second layer. At the begining, the density of the 
currents in the second layer is small, and the 
conductor exerts little influence in the field. 
Then the value of the apparent resistivity in this 
interval increases to a maximum and then decreases.

Part C.- Since the resistivity of the second layer 
is small enough, the second layer looks like a 
perfect conductor during this period. The slope of 
the curve is -45 degrees. The effect is similar to 
the zone C of the first model, where there was a 
resistor instead of a conductor.

Part D.- Most of the currents are located in the 
second layer. The asymptote is similar to the last 
one in the first model.
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100

at

50

001

200

AFTER KAUFMAN (1970)
FIGURE 9 TWO-LAYER APPARENT RESISTIVITY CURVES (NEAR-ZONE) 

FOR CONDUCTIVE BASEMENT.
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These two models describe the behaviour of the field 
for the two possible types of resistsivity contrasts. The 
ideas of EM wave propagation for more complex geoelectrical 
sections can be given by an extension of those described 
above.

In this chapter some of the main features of the 
behaviour of TDEM in the near zone have been described. 
The ideas about propagation of the field were shown using 
the model of a uniform earth. Expression of the field in 
the uniform half space was used to describe the early and 
late time asymptotes. Apparent resistivity formulations 
for those asymptotes were then calculated. Finally, the 
apparent resistivity curves (late time) in a horizontally 
layered earth were explained using the model of propagation 
previously mentioned. A three-layer earth model of these 
apparent resistivity curves will be used in this work to 
develop an automatic method of interpretation using the 
theory of inversion, which is going to be described in the 
next chapter.
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INVERSION THEORY IN GEOPHYSICS

During the last ten years, the improvement in computer 
facilities has made automatic interpretation methods a 
popular area of research in most branches of geophysical 
prospecting. These automatic methods have many advantages 
compared with the traditional interpretation approach 
(Keller,1977). It can be said that automatic
interpretation represents one of the ultimate goals in most 
of the geophysical methods.

Geophysical inverse theory is the subject where most 
of these methods are studied. The theory deals with the 
mathematical aspects of the interpretation of the indirect 
measurements collected by the geophysical methods. The 
starting point for a possible application of this theory, 
is the existence of a valid mathematical model of the 
physics, this mathematical model is called the forward 
solution (FS) of the problem. A class of models is 
defined, and a particular earth model will be given by 
values of certain parameters. The calculated values 
represent the theoretical response for a particular 
idealized earth model, this response is obtained from the 
F.S., for the parameters.
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The forward solution can be simply represented by a 
nonlinear functional F that relates the synthetic
observations, also called calculated values (£) , with its
corresponding vector of parameters (j>);

Ci = Fi( P1,P2,.. ) (111,1)
where

p ......  unknown parameters associated with
mathematical model

c .......  calculated values for a certain set of
parameters

This functional F is not a simple mathematical function,
but it represents the fact that the forward problem is
completely solved. In other words, when a particular value 
of the parameter vector is given, one can find the
appropiate data associated with it.

In a similar manner, the inverse problem deals with 
estimation of the parameters which correspond to a certain 
group of observations. The problem can be simply defined 
as:

Given the observations obtained with some 
geophysical method, find as much information 
as possible about the earth model
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parameters.

Figure 11, shows a schematic relation between forward 
solution and inverse problem. The forward solution relates 
the parameters to calculated values by a mathematical 
model. Inverse problem relates the observations (o) to the 
parameter model using the theory that will be described in 
the next pages. Both formulations relate similarly to the 
vectors ( observations and parameters) but their action has 
a different direction.

The following pages contain a brief description of the 
different steps used to find a solution for the inverse 
problem. Generalized inverse theory (least-square method) 
gives a possible value of the solution, but instabilities 
due to the "ill conditioned" data make this a non-realistic 
solution. Some linear constraining methods must be used to 
avoid these problems. The ridge regression estimator uses 
a feedback principle to ensure that the model obtained in 
the calculation is close to the possible optimum for that 
method. The new model obtained with one of the 
calculations can be improved, if another iterative 
calculation is performed. Several iterations are needed 
when using ridge regression until a stable final solution 
is obtained, this stable model is then considered to be the 
solution of the inversion.
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Some ideas about the cost of the final model for a 
typical inversion are included in the last part of this 
chapter. The cost turns out to be very high in some cases, 
which is the reason why catalog interpolation was designed 
to replace an extremely expensive calculation with an 
extremely inexpensive one.

i
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Inverse Solution

Assuming that the forward solution is represented by a 
non-linear functional F, as it was mentioned previously 
[3,1], the inversion methods try to find out as much 
information as possible about the M parameters which define 
the earth model when a set of N observations (data) is 
given. The first step in order to obtain the inverse 
solution, will be an expression given by application of the 
generalized inverse theory (least-square solution).

Given a set of observations (o) and an estimation (or 
initial guess) of the earth model in terms of the vector 
parameter £, the approximation of the estimation to the 
real model can be evaluated in terms of an error function 
E; N

(111,2)
1

where

Oi observations (real data)

Ci calculated values for the parameter
guess, Po

N number of observations
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The best solution for the inversion, in the 
least-square sense, can be obtained when the error function 
E is minimized. The result of the minimization is an 
overdetermined system of N equations with M unknowns. The 
unknowns in this system of equations are the optimum 
increment (correction) of the parameter vector estimation. 
Using the matrix formulation, this system can be written by 
a simple expression that relates the unknown increment of 
parameters with the set of observations ( Inman, 1973).

U = A . AF (111,3)
U s o - c 

where

c .........  calculated vector (observations for
the initial model)

o .........  Observation vector

A .........  Derivative Matrix

The derivative matrix contains the coefficients of the 
overdetermined system of equations. These coefficients are 
the derivatives of the functional with respect to the 
parameters. A general term in the matrix can be defined 
as:
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(111,4)

where

(i,j) element of A matrix

Fi Functional

Po Initial guess model

The partial derivatives of any functional can be 
calculated with a sufficient degree of accuracy using the 
finite difference formulation (F.D.), the expression of 
this F.D. derivative is:

Once the matrices A and d are calculated, a solution 
of the system (111,3) is needed to perform the inversion. 
In order to find this solution, an inverse of the nonsquare 
matrix A is needed. The singular value decomposition 
method (S.V.D.) (Lanczos,1961) is used to compute this 
inverse. With this technique, the matrix A can be written

Fl(p 1, * » • tP.1+ pj,..) - Fi(p1,...,pj,..) (111,5)A P j

as:

A = U A"1 Vfc (111,6.1)
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where

u = A • V • A"1 (111,6.2)

and defining ATA as the premultiplication of A 
by its transpose,

)L  orthonormalized eigenvectors of ATA.
(eigenvectors row of ATA)

A ......  Diagonal matrix containing the
nonnegative square roots of the eigenvalues of 
ATA.

The generalized inverse of A can be easily calculated 
from the decomposed matrix (111,1).

-1 .-1 t (111,7)*A f s V A 1 U

Finally, the solution given by the least-square method 
turns out to be:

F « V-A"1*ut - U (111,8)

The solution can be written by a more simple expression
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(Glen et al, 1972)

ap = ( A^" A >_1- At> c (i i i,9)

In a few cases, the above expression gives an adequate
stable solution for the generalized inverse problem. The
main causes of this instability in the solution can be 
found in some assumption made during the computation of the 
final formulations. Principal assumptions made that cause 
problems in the inversion are:

I.- Linearity of forward solution,when 
computing [3,22]. In the method of 
minimization, it was assumed that F.S. 
would have an accurate representation with 
the first two terms of the Taylor expansion 
of the functional. However, it does not.

II.- Absence of noise in the data 
(observation). The observations were
considered perfect, i.e., with total absence
of noise. Noise, of course is unavoidable.

In most of the real problems of inversion these two 
assumptions are not completly valid, hence there will be
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some noise in the system. Consequently the final solution 
obtained with these assumptions has a high content of 
noise, and will be unstable in most cases.

The root cause for the inefectiveness of the method, 
is the existence of small eigenvalues. These small 
eigenvalues, represent parameter combinations to which the 
data are insensitive. But in the inverse problem, the 
parameters appear to be extremely sensitive to parameter 
combinations. Because of this sensitivity, the effect of 
noise is increased in an "ill conditioned system". The 
final result will have a high percentage of noise, and 
thus invalid results in most of the cases.

Since the root cause of these invalid results is the 
existence of small eigenvalues, the problem can be solved 
in two different ways.

1.- Truncate some of the eigenvalues

When truncating some of the eigenvalues, noise is 
not a problem anymore, but the information 
contained in those important and sensitive 
values, is discarded, this decrement in the 
information content, will slow down the speed of 
convergence and sometimes will prevent it.
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2.- Increase the magnitude of the smaller 
eigenvalues

The increment will reduce the degree of 
sensitivity of those small eigenvalues, this 
method will attack the problem of noise without 
decreasing abruptly the information content in 
the matrix.

The second method appears to be the most adequate to 
solve the problems caused by an "ill conditioned" system. 
The method can be performed by application of some 
attenuation factors to the diagonal matrix of the 
eigenvalues. Figure 12 shows a family of curves that 
represent these factors; It can be observed that these 
factors act like smoothing operators. Its effect is almost 
null for the low order eigenvalues (large values), and it 
will affect strongly the higher order eigenvalues (small 
values), with values of the factor close to zero. 
Consequently, this strong effect will reduce the 
sensitivity of the system to the information associated 
with the very small eigenvalues (noise). Due to this 
decrement of the sensitivity, the noise is not a problem 
anymore, and a realistic solution can be obtained by 
applying these constraining methods to the algorithm of 
inversion. Feedback is necessary to ensure that the proper
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decrement of the sensitivity is chosen.

The process of inversion just described (from 
generalized inversion to the different constraining 
methods), can be simply described with an analogy between 
linear systems and inversion theory (Stoyer, personal 
communication, 1977). The basic idea of this analogy is 
the similar concepts used in filter design theory, and 
inverse solution deduction.

The first idea in order to reverse the polarity of the 
system would be the Perfect Inverse filter, this filter 
works well in ideal conditions (figure 13), but most of 
the inversions are ’ill-conditioned*, and additive noise 
must be taken into account. Perfect inverse does not work 
properly in a noisy system, and the s/n (signal to noise 
ratio) is very small in the output (Figure 14). Then an 
additional filtering effect is needed to obtain the optimum 
filter in real situations. The filter is in tandem with 
the perfect inverse, and will give a stable solution in the 
output even with the presence of high noise content in the 
system (Figure 14)
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F O R W A R D  S O L U T I O N

*

D “ A * AP

P E R F E C T  I N V E R S E  ( IDEAL CONDITIONS )

*
AP ZZ [A** AT’* A**D

FIGURE 13 FILTERING REPRESENTATION OF INVERSE PROBLEM (I)
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P E R F E C T  I N V E R S E  ( IN REAL CONDITIONS )

D A T A
p E R F E C T
I N V E R S E

E A R T H
M O D E L ?

N O I S E

A D D I T I O N  A L F I L T E R I N G

D A T A

P E R F E C T

I N V E R S E
ADDITIONAL
FILTERING

REALISTIC 
EARTH MODEL

N O I S E

AP = C A** A ♦ K‘* I r> A x D

FIGURE 14 FILTERING REPRESENTATION OF INVERSE PROBLEM
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Ridge Regression Technique

The ridge regresssion (R.R.) technique is one of the 
methods which protects the process of inversion against 
problems derived from the existence of noise. The
filtering effect in Ridge Regression is accomplish in a
simple manner, by adding to the diagonal of ATA a positive
constant K called the Ridge Parameter. Formulation can be
expressed as:

AF = ( Afc«A + K2.I )~1. Afc. D (111,10)

this expression can be formulated in terms of singular 

value decomposition as:

AP = V • £-1 • D (111,11)

where

i'-’- [i4i?]

which appears to be one of the filters described in 
(Figure 12). The formulation of R.R. has some economical 
advantages compared to the methods using S.V.D. due to the 
fact that when using similar constraining methods no 
factorization of the matrix A in needed.
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An important consideration in this formulation is the 
choice of a value of the ridge parameter K. The optimum 
value of K is that which gives the minimum error, however 
this value cannot be determined except by testing the 
solution.

In order to find the optimum of K it is necessary to 
examine the solution several times, for different values of 
K and visualize the plot of the results versus K. The plot 
obtained, in terms of error (RMS) versus K,is called the 
Ridge Trace. The plot is always expected to have a shape 
similar to the curve in Figure 15. The optimum Ridge
Parameter corresponds to the minimum in the curve, this
minimum is the desired value in the execution of the 
inversion.

Even in the case where the optimum of K is found, the
model determined is not usually the best and another
iteration will improve the fit. If the fit does not 
improve, then convergence is reached. Several iterations 
may be necessary before the stable solution is obtained; 
this is then considered to be the result of the inversion.

Finally, although this solution is considered the 
result of the inversion, sometimes the model obtained is 
not the only one that fits the data. Additional knowledge 
of the parameters must be taken into account when this 
nonuniqueness problem happens.
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LEAST SQUARE SOLUTION

OPTIMUN VALUE OF

RIDGE PARAMETER ( K )

FIGURE 15 IDEAL CURVE OF THE RIDGE TRACE
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Economy of the Process

The economy of the inversion process is strongly
affected by the cost of each F.S. A high number of
calculations of F.S. are necessary to perform an
inversion. Figure 16 shows in detail the number of
calculations of F.S. in an inversion. The cost of an
inversion problem is calculated in this figure for some 
typical cases, which happens to be forty times the cost of 
F.S. In some methods where F.S. has a formulation which 
is easy to compute, the total cost of inversion is still 
reasonable. However, many of the forward problems are 
expensive, under these circumstances the algorithm of
inversion results in a very expensive method of 
interpretation.

A more economical approach to the F.S. has to be
found in order to make automatic inversion feasible on a
commercal basis. In the catalog-interpolation method 
(described in the next chapter) tedious calculations
represented in the idea of functional F, have to be 
performed only once to generate a catalog of solutions. 
After the catalog is generated, interpolated F.S. can be 
easily obtained. The cost of the forward problem will be 
thus very low, and an economical inversion can be performed 
in this way.
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COST OF AN AVERAGE INVERSION

- THE NUMBER OF FORWARD CALCULATIONS;

CALCULATED VALUE ( C ) I
DERIVATIVES MATRIX ( A )... 
(M is number of parameters)

M

OPTIMIZATION OF RIDGE 
PARAMETER ( estimated ) 4

TOTAL F.CALC. PER ITERATION M + 5

ASSUMING THAT 4 ITERATIONS (AVERAGE) ARE 
NEEDED BEFORE A FINAL SOLUTION IS OBTAINED, 
THE TOTAL NUMBER OF CALCULATIONS IN THE 
INVERSION WILL BE:

TOTAL NUMBER OF F.S. 4 ( M + 5 )

AND WHEN THE NUMBER OF PARAMETERS IS EQUAL 
TO FIVE, ( M - 5 ) ;

Icost = 40 x F.S.cost

THEN, THE COST OF AN AVERAGE INVERSION TURNS 
OUT TO BE FORTY TIMES THE COST OF A PARTI 
CULAR FORWARD SOLUTION.

FIGURE 16 COST OF AN AVERAGE INVERSION
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INVERSION OF TDEM DATA WITH CURVE CATALOG

It was mentioned in chapter II that the transient 
response of a layered earth (forward solution) requires 
several integrations over the frequency range. Each of 
these integrations consumes a large amount of computer time 
and thus, the cost of a typical forward solution turns out 
to be quite high. The influence of this cost on the 
inversion is very important (as it was explained in 
chapter III), and TDEM inversion will be uneconomical if 
performed in this way.

In the present chapter there is a description of the 
most important features that were taken into account for 
the design of the inversion program using catalog 
interpolation. Forward solution (F.S.) is performed by an 
interpolation process from a set of TDEM near-zone 
theoretical curves calculated by A.A.Kaufman. The inverse 
solution is obtained in real time with a ridge regression 
estimator, which uses some additional calculations to 
optimize the filter parameter in each iteration, but turns 
out to be a fast and economical method.
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FORWARD SOLUTION 

Curve Catalog

Kaufman (1969 and 1970) calculated a set of TDEM 
master curves in the near-zone. The set includes the most 
common geoelectrical earth-models for two and three layers. 
The main features of the behaviour of these curves for 
different resistivity contrast, were explained in 
chapter II, where some examples of two-layer earth were 
described.

The catalog-file used in this inversion process, 
contains the three layer H type of curves (with resistant 
basement) from the set calculated by Kaufman. Each curve 
in this catalog is uniquely defined for constant values of 
three normalized parameters. These parameters are: 
resistivity of the second layer (r2/r1), thickness of the 
second layer (h2/h1), and offset distance transmitter 
receiver (R/h1), all then normalized with the values of the 
first layer thickness and resistivity (hi and ri 
respectively). Figure 17 shows the parameter combinations 
which have a curve represented in catalog. Although each 
of the parameters has a reasonably broad range of values 
included, only a few combination of the parameters have a 
curve represented in this catalog. This limitation in the
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number of catalog models will create some problems in the 
inversion.

Some examples of these curves are shown in figure 18. 
The apparent resistivity curves are normally plotted in 
logarithmic domain (log-log paper) where the ranges of time 
and lengths differ from one curve to another. The curves 
have been sampled to give even spacing in the log-domain 
and then stored in a catalog file. Each curve in the file 
will be defined by a set of values that include: first
sample location in time (To); number of samples in the 
curve (No), and weighted values of the samples (P1,P2,...). 
Since multiple access to the file is needed, the shortest 
possible time must be spent in each of the reading 
operations. For this purpose a random-access binary file 
containing several ordered memory locations was used. Each 
curve of the catalog will be stored in one of these 
locations, and the corresponding address of that location 
will be uniquely defined for every combination of the 
parameters. As a result, this catalog provides an 
efficient and economic means of retrieving a particular 
curve.
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Interpolation Procedure

Two interpolations are performed in the process to 
obtain the forward solution in real time for a given set of 
parameters. The first interpolation is a multidimensional 
within the catalog, which calculates the theoretical curve 
for any given combination of nondimensional parameters 
which define the catalog. The second interpolation is 
performed to transform the previous result into a curve of 
apparent resistivity versus time, at the points where the 
data was recorded or digitized. Because both normalized 
resistivity and discreetly sampled normalized time exists 
in the catalog.

The interpolation within the curve catalog, provides a 
continuous function of solutions out of the discrete number 
of curves stored in the catalog file. Several 
interpolation routines can be adjusted to this problem 
(e.g.Carnahan et al,1969). A balance between the time 
spent in the process and the degree of accuracy needed, 
must be the key factor in choosing a particular method.

Rodi (1975) describes a linear interpolation procedure 
in two dimensional space that has a simple formulation. 
The method is applied here for a three dimensional space, 
and it assumes that the discrete number of
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parameter-combinations with a solution in the original 
catalog, can be represented in the parameter space by an 
orthorombic package of elements. In each element of the 
package, an interpolation function is defined. This 
function will give a linear approximation to the solution. 
The accuracy of this approximation depends on the curve 
density in the catalog. Figure 19 has a brief description 
of this method and a deduction of a general formula for the 
interpolation function, this formula has a simple
expression, and gives an accurate value of the
interpolation for any point within the catalog range, when 
a proper package of elements is found and translation of 
the axis is performed.

Once the theoretical curve for the desired values of 
the normalized parameters is found, the second
interpolation must be performed, which will find the values 
of the apparent resistivity, at the times the data were 
digitized. Since theoretical curves are expressed as a 
function of the normalized parameters, a conversion into 
dimensional parameters ( ra vs t) must be done before this 
second interpolation is accomplished. The result of this 
interpolator, corresponds to the forward solution 
calculation used in this inversion.
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Complete forward solution process

Two main routines performed the major calculations 
described in the previous pages. The subroutine CURVE does 
the interpolation within the catalog to obtain the
theoretical response of the earth for a particular set of 
nondimensional parameters. The subroutine CALC is the 
driver of the whole forward solution and performs the 
second interpolation to obtain the theoretical curve in 
real time.

The detailed process of CURVE is described in
Figure 20. The input to this routine corresponds to a 
particular value of the three nondimensional parameters. 
Then the routine looks for the appropiate package of
elements. This is done by locating the particular value of
each parameter in an ordered vector containing the possible 
parameter values included in the catalog. When proper 
package is determined, the curve corresponding to each knot 
will be read. A reference matrix gives the location of 
each curve in the random-access binary file. If one of the 
knots does not have a curve in catalog, then the routine 
stops its execution, terminating with an error message. 
The final step corresponds to the interpolation operator. 
Once the values of the curves in all the knots are known, 
the three dimensional interpolation can be performed.
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Final results from this interpolation will be the final 
results of the routine, that corresponds to an interpolated 
catalog curve for a particular value of the nondimensional 
parameters.

CALC (Figure 21) is the routine that controls the 
whole forward solution process. The input values are a set 
of geoelecterical parameters, and a vector containing the 
times at which the data was digitized (or recorded). Then 
the routine finds the correponding nondimensional 
parameters that will determine a corresponding theoretical 
curve in the subroutine CURVE. After this theoretical 
curve is obtained, the second interpolation will be 
performed. The final result of this routine, and thus of 
the whole forward solution, will be the theoretical 
response for a certain value of the parameters.
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^START^

READ PARAMETERS; OF CATALOG I
/  RANDOM* 
r ACCESS BINARY FILE
l FOR02.DAT

LOCATE EACH 
INPUT 

PARAMETER

YESImpossible
location?

NO

LOCATE
CURVE OF
INTERPOLATIONGRID

/  CUR V E \  IN CATALOG? NO

ES

READ
FOR02.DAT CURVE

YES MORECURVES?

NO

PERFORM
THE

INTERPOLATION

FIGURE 21. FLOW CHART OF THE ROUTINE CALC.
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INVERSE PROBLEM

The solution of the inverse problem using the catalog 
interpolation routine was performed with a ridge regression 
estimator. Some ideas about the method were described in
the previous chapter. A feedback system is used in each 
iteration, to insure that the filter parameter be close 
enough to the optimum. Filtering effect was done with the 
algorithm described in Chapter III C 111,10 ]. This 
algorithm has a very simple formulation compared with other 
inversion filters, and gives an excellent result if enough 
effort is spent in the process of searching for the optimum 
K.

The sequential calculation involved in the process of
inversion, can be visualized with the flow charts of the
two main routines of this process, figures 22 and 23.

The first flow diagram corresponds to the routine 
OPTMO. This routine is the main feature of the ridge 
regression estimator. Given a set of observations, and a 
parameter guess, the routine will find the optimum value of 
the filter parameter K, and its corresponding increment of 
parameters. This routine can be divided in two main blocks 
of calculations. The first block does the operations in
the algorithm C 111,10 ], previous to the loop of
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'DECIS* WILL GIVE THE NEW VALUE OF K AMD 
A FLAG TO STOF LOOP .________

YES

YES

(ERROR)
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.IMITATION!
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FIGURE 22 FLOW CHART OF THE ROUTINE 'OPTMO*
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I INPUT DATA
(0BS.& T.)

"Parameter
ESTIMATION

YESANOTHERMODEL?YES

PRINT INTERMEDIU1 RESULTS ,

^ MORE ITERATIONS? YES

NO

PRINT AND PLOT FINAL RESULTS

FIGURE 23. FLOW CHART OF THE MAIN PROGRAM
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optimization. These operations are the calculations of the 
matrix of derivaties A and some subsequent matrix 
operations. The second group of calculations is where the 
optimum value of K is determined. This automatic selection 
is performed by doing several calculations of the algorithm 
mentioned for values y of K (filter parameter) 
logarithmically spaced (2 per decade). When a point close 
enough to the minimum of the ridge trace is found, then the 
optimization iteration will stop. The increment of the 
parameters associated with that point in the R.T. will be 
considered to be the optimum. The final result of this 
routine will be thus, the optimum new-value of the 
parameters and its corresponding error with the input data.

It was mentioned in the previous chapter, that several 
iterations with optimum parameter changes may be needed 
before a stable solution can be found. Figure 23 shows the 
flow diagram corresponding to the main program of the 
inversion, where the iterations to find a stable solution 
are performed.

One important feature in the performace of this 
inversion that must be finally mentioned, is the 
limitations of the catalog size. The range of the 
parameters included in the catalog-file was represented in 
figure 17. This range of parameters will restrict the
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possible catalog models needed during iterations to those 
included in that small range of values. Some problems due 

( to this fact can be found when performing the calculations 
of the matrix A and in places where new forward solution 
models are needed. If problems arise during calculation of 
A, another finite difference derivative will be made with 
the incrementation values taken in the opposite direction. 
In other places of the program the lack of information 
content in the catalog file will force the operations 
involved to stop, and sometimes the whole execution of the 
program will cease.
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RESULTS OF THE INVERSION

Four typical transient soundings are shown to
ilustrate the results of the inversion. The first two are 
synthetic data, generated from the catalog file. The last 
two are real data corresponding to a geothermal survey that 
was carried out by the geophysics department of C.S.M. in 
the area of Black Rock desert, Nevada.

In the first example almost perfect fit is obtained 
after four iterations, with a final error of 0.4%. 
Figure 24 shows the plot of the error versus the 
iterations, for this example. It can be observed in this 
figure, that a significant reduction of the error takes 
place in the first two iterations. The error declines from 
an initial value of 54% down to 1.9% after the second
iteration. Final solution is obtained in the next two
iterations with a final error of 0.4% corresponding to the 
inverted model. The ridge traces for every iteration are 
shown in figure 25. It can be observed there, that the 
shape of those curves is always approximatly the same with 
some small differences due to the location of the minimum 
and the curvature. The location of the minimum (K*) can be 
understood as an indicator of the information content in
the matrix. The value of K* for the first two iterations 
is very small and this agrees with the fact that a great
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FIGURE 24. EXAMPLE #1 PLOT OF THE ITERATIONS VS. ERROR(RMS)
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FIGURE 25. EXAMPLE #1 PLOTS OF RIDGE TRACES FOR DIFFERENT 
ITERATIONS.
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reduction of the error took place. The third and forth 
iterations have large values of K* and the reduction of the 
error was not very high there.

Figures 26 and 27, represent the parameter changes 
with iterations. The resistivities are shown in figure 27, 
and figure 28 contains the corresponding changes for the 
thickness. These figures reflect a similar trend if 
compared with the plot of the error (Figure 24) where 
important changes of the parameters occur during the first 
two iterations, and relative small changes in the other 
two. For some parameters, a divergence effect is obtained 
with the first iteration, but convergence is obtained 
within the next three iterations. Finally, the changes in 
the apparent resistivity curves versus the time is shown in 
figure 28. It can be observed that the difference between 
the first guess and the observation is great, however, 
there is almost a perfect match between the final model and 
the observations.

More impressive results are obtained with the second 
example, where an error of 120% is reduced to 4% in three 
iterations. The plot of the error is represented in 
figure 29, and it can be observed that the first iteration, 
does not significantly reduce the error. This is due to 
the limitations of the catalog size, which inhibit the
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optimization of the ridge parameter (K). The subsequent 
iterations, operate in a manner similar to the previous 
models. The apparent resistivity changes with iterations 
are shown in figure 30.

Similar results can be observed in the other two 
examples from Black Rock desert. In both cases, an abrupt 
reduction of the error takes place in the first or the 
second iteration. After this the noise in the data 
prevents any further improvement. The plots of apparent 
resistivity changes, and error versus iteration for those 
two soundings, are shown in figures 31 through 34. Finally 
it must be mentioned that the values of resistivities and 
thicknesses obtained for those two soundings, seem to match 
very well with the expected geoelectrical section of the 
area (Keller, personal communication, 1978). The value of 
the offset distance is considered a parameter here, because 
it is an indicator of the lateral changes of resistivity, 
that appear to be very strong in this area (Crewdson, 
1976).
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FIGURE 29.-EXAMPLE #2 PLOT OF THE ITERATIONS VS.ERROR
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FIGURE 30.- EXAMPLE #2 CHANGE OF THE APPARENT RESISTIVITY
CURVES WITH ITERATIONS.
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FIGURE 31.- EXAMPLE #3 STATION 13-W (BLACK ROCK DESERT) 
PLOT OF THE ITERATIONS VS. ERROR.
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FIGURE 33.-EXAMPLE #4 STATION 63-W (BLACK ROCK DESERT) 
PLOT OF THE ITERATIONS VS. ERROR.
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CONCLUSIONS
Ridge regression estimator with catalog interpolation, 

provides a fast, accurate and economical automatic method 
of interpretation for time domain electromagnetic data.

Ridge regression estimator uses a feed-back principle 
to choose a value of the filter parameter close enough to 
the optimun. With this value, fastest possible convergence 
is insured at each iteration and thus the total number of 
iterations will be the smallest possible.

Since forward calculations of TDEM were expensive, the 
forward solutions were obtained using catalog look-up and 
interpolation. This method gives a value of the solution 
with enough accuracy, and transforms a very expensive 
method of interpretation into a very inexpensive one.

The most important features of this work can be summarized 
as follows:

* It has been shown that ridge regression estimator 
is a powerful tool that insure the fastest possible 
covergence. Two or three iterations with this 
method are needed in most of the cases, to reduce 
the error in the final model down to a low and 
stable value.

- Forward calculations of TDEM obtained with catalog
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look-up and interpolation are several orders of 
magnitude cheaper than the mathematical model of 
F.S..

- Interpolation method provides an accurate value of 
the forward solution if enough density of points is 
included in the catalog.

Then this algorithm of inversion provides a fast, 
economical, and accurate method for the automatic
interpretation of TDEM data, adequate to operate on a
commercial bases. The only problem observed with this 
powerfull technique, was caused by the limitations due to 
the catalog size. It is recomended thus, that further 
works with this algorithm, should include a dense and 
extensive catalog of solutions. Finally, the aplicability 
of the algorithm can be extended to any type of geophysical
data, provided a catalog of solutions, and specially
interesting for the inversion of data whose solution is 
nonunique.
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C
C
C ************************** ******************************
c *♦*♦ MAIN.FOR
C ♦♦♦* THIS IS THE MAIN PROGRAM OF THE INVERSION OF TDEM 
C **♦♦ C N E A R - Z O N E > CURVFS USING CATALOG LOOKUP AND INTER- 
C ♦ ♦** POLAT ION* THE DETAILED EXPLANATION OF THE ALGORITHM 
C AND FLOW CHARTS OF THE WHOLE PROCESS* CAN BE FOUNO
C IN THE C.S.M. MASTER THESIS T-2047.
C ♦ ***
C ***♦
c * * * *  
c * * * * *  
c ***** 
c * * * *  
c * * * *  
c **** 
c * * * *  
c * * * *  
c **** 
c * * * *
c **** THF PROGRAM WILL WORK IN INTERACTIVE MODE* WITH 
C **** SEVFRAL OPTIONS: 1.- AUTOMATIC OR MANUAL *
C **** 2.- PARAMETERS TO INVERT 3 OR 5 (3 IN THE CASE OF
C **** INVERSION WITH NONDIMEN. PARAMETERS.).
C ****
C **** ADDITIONAL ROUTINES USED:
c **** optmo: oecis; curve: calc: find:
c **** plot.for: print; printi
c **** AND THE MATRIX PACKAGE CONTAINING:
c **** t r p a ; p m t r x : e r r o r : o e s c a l ; d e r i v ;
C **** TRACE: MAMIN.
c * * * *
c **** THF CATALOG OF CURVES IS INCLUDED IN THE FILE
C **** FQR02.DAT CRANDOM-ACCESS BINART FILE).
C ***♦
C *♦**
c **** ADO.INFO. IN THE CASE OF CATALOG LIMITATIONS*
C **** THE FILE FORI 8 . 0 AT * WILL CONTAIN INF. OF THE LOC.
C **** IN THF CATALOG CNONOIM. P A R A M •> USED UNTIL THE 
r **** PROBLEM ARISES.
C ****
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C **** JUAN CARLOS ROORIGUEZ-OVEJERO 1978, GOLOEN 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
c
c

PARAMETER MNA-200*NPT=40»NPAR=5 
PARAMETER NNP=21

INPUT F I L E ..........F0R15.0AT *
THIS FILE IS THE OUTPUT OF GFACT.F4 * 
AND CONTAINS: NUMBER OF DIGITIZED 
POINTS, AND PAIRS CAPPAR.RES*,TIME ) *♦
FOR EACH POINT. *♦

OUTPUT FILE ........  THE PROGRAM GENERATES ♦
AN LPT FILE THAT CONTAINS PLOTS CIN LPT) 
OF THE RIDGE TRACES, PARAMETER C H A N G E S , * 
ERROR VS. ITERATION, AND HOOEL CHANGES ♦ 
CALL THESE PLOTS ARE OPTIONAL). *
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LOGICAL ANSWER,FUERA,AUTO,RTPLT,PRPLT
D IMENSION PBESTCNPAR),XNC15),STRGP<MNA),OLDATCNPT>

COMMON ✓ BLOCK1 / OBSCNPT) ,TCNPT) ,PCNPAR) ,DCALC<NPT>,
£ ACMNA) * IMAX ,IMI N ,M N A I ,N P 1 1,N P A R 1 ,RTPLT

COMMON / 3LOCK2 / E R R ,ERROCl5 ),ERR IC15>,I N TER,ITER,
£ CONSK(10),XNEW,TFIAG

MPT 1 = 21
N P A R 1=3
M N A 1=63
DATA CXNCI),T=1,15>/1.,2.,3.,4.,5.,6.,7.,9.,9.,10.,11.,1?.,

£ 13.,14.,15./
DATA C 0 3 S C T )»I=1,NNP)/1.2,1.17#1.06*0.96,0.83,0.83,0*75,

£ 0.75,0.72,0.70,0*58,0.67,0.66,0.65,0*64,0.63,0 .62 5 ,
£ 0.62,0.615 ,0.614,0.613/
DATA CTCI),I=!,NNP)/0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 

£ 1 . 0 , l . l , 1.2,1.3,1.4,1.5,1.6,1.7, 1.9,1.9,2.0/
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C ****** INPUT DATA 5 NP A R 1 , NPT 1 , T( I) , 03S C I > ********c **************************************************************

WRITEC4,25)

25 FORMATCiX,'ENTER THE NUMB FR OF PARAMETERS ' ,✓✓,
£ I X , '3......SYNTHETIC DATA CR2/R1,/,H 2 / H 1 ,/,R / H 1 > *,/,
£ I X , '5 REAL DATA (RI , M 1,R 2,H 2 •R ) ' ,$ )

ACCEPT 15, NPARI 
15 FORMATC I)

READ CIS, 26) NPT1 
DO 23 I = 1 ,NPTI 

23 READ 0 5 , 2 7 )  T C D , Q 3 S C l )
MNA1=NPAR1*NPT1

26 FORMAT C I)
27 FORMAT C 2 5 X , 2 C F 1 0 . 4 , 5 X ))

GO TO 6

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c ****** WHEN MODEL OUT OF CATALOG ? START AGAIN ********
C ************************** ************************************
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5 CONTINUE
F U E R A » . F A L S E •

WPITFC4, 125)
125 FOR^ATCIX#/** DO YOU WANT TO TRY WITH ANOTHER WOOEL %  

£ $)
126 FORMAT ( 1X» / » #Dfl YOU WANT THE PLOT OF THIS RESULTS * • $ )

1F ( AN S WE R C 0!J MM Y ) ) go TO 6 
W R I T E C 4 , 126)
IFCANSWERCOUMMY)) GO TO 280

STOP

C * * * * * * * * * * * * * *  * * * * * * * * *  * * * * * * * * * * * *  * * * * * * * * * * * * *  ** * * * * * * * * * * * *  
C ***** TNPUT PARAMETERS ********

C ******* *******************************************************

6 FHEPA^.FALSE*
AUTO=.FALSE.
R T P L T = . F A L S f •
PRPLT=.FALSE.
W«ITF<4,8)
ACCEPT 7.P 
W9rTF(4,9> P

C CHECK TF THE PARAMETERS ARE CORRECT 
WRrTEC4,105>

105 FOR MAT(IX* *00 YOU WANT TO TYPE AGAIN? '» $)
8 FORMATClX** ENTER THE VALUES OF THE PARAMETERS %  «)
7 F0RMATC5F)
9 F0R,MAT<5CF10.4*3X))

IFCANSWERCOUMMY)) GO TO 6
00 170 1-1 * N P A R 1

STRGPCI) = PCI)
170 CONTINUE
C
C
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c ****** INITIAL GUESS MOOEL ANO ERROR ********
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
C

IMAX=NPT1 
IMI Ns l
CALL C A LCCOCALC,TfNPTl,IMIN,IMA X,P•NPAR 1 *FUERA)
IFCFUFRA) GO TO 5
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C THIS MATRIX IS USED FOR PLOTTING PURPOSES O N L Y ( O L D A T )•
DO 115 Is 1 *N P T 1 

15 OLD A T (I)=DCALC(IX

NOW TRY TO FIND THF RMS ERROR IN THE INPUT MODEL

CALL ERROR C O B S ,D C A L C , N P T 1 ,IMIN,I M A X ,E R R )
C
C THIS TS THE FRROR OF THE EXTERNAL ITERATION A 0 (IN THE MATRIX 
C WILL ftE LOCATED WITH % 'JNIT MORE)

ERROCl)=ERR 
ERRMIN=ERR 
T T E R = I
WRITE(4,12G> ERR 

120 FORMATC1X,20X , 'ERROR IN THE INPUT OATA',F,/>

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
c ******* AUTO/MANUAL ESTIMATION OF K ********
C ******* PLOTS OF THE RIDGE TRACE ? ********
C **************************************************************
c 
c
C WITH THE VARIABLE A U T OCLOGICAL), WE HAVE THE CHOICE OF MANUAL 
C OR AUTOMATIC DECISSION ABOUT NEW "K»CIN SUBROUTINE DECIS)

WRITEC4 #123) 
IFCANSWERCOUMMY >> 
W R I T E C 4 ,1291 
IF(ANSWER(DUMMY >) 
WRITF C 4 »131> 
I^CANSWERCOUMMY))

AUTO=* T R U E • 

R T P L T = * T R U E • 

PRPL T = «TRUE«

I ? 9 FORMAT! IX,'DO YOU WANT
£ $)

129 F O R M A T ( IX,'DO YOU WANT
131 F O R M A T ( IX, 'DO YOU WANT

AUTOMATIC ESTIMATION OF "K"? ',

PLOTS OF THE RIDGE TRACE? ',$>
PLOTS OF PARAMETERS CHANGES ? *, $>

C
C NOW IT WILL START THE LOOP WHERE THE ITERATION TAKES PLACE 
C AND ALSO AN OPTMIZATION OF «K* (RIDGE REGRESION) IN EACH ITERAT• 
C
1000 CONTINUE
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
c ****** OPTIMIZATION OF DELTA DE P ********
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
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C THE VALUES OF THE PARAMETERS FOR THE NEW MODELt AND THE CORRES- 
C PONDENT ERROR CERR) ARE THE MAIN CONTRIBUTION OF THIS OPTIMIZA- 
C TION SUBROUTINE

CALL OPTMOCFUERA,AUT0)

IF (FUERA) GO TO 5

I TER=ITER+I 
C&ROC ITER)-ERR

C STORAGE THE NEW PARAMETERS IN A ONE-DIMENSIONAL ARRAY

00 171 1 = 1 *NPARI
IJ = CITFR-1)*NPAR1+I 
ST RGP(IJ) = PCI)

171 CONTINUE

C WE LOOK FOR THE OPTIMUM MQOELCLEAST RMS ERR)

tfcerrmin.lt.ERR) GO TO 40 
ERRMTN=ERR

00 30 1=1*NPARI
PBESTCI)=P Cl)

30 CONTTNUF
43 CONTINUE

C IN THF CASE OF THE LAST TNTER ITERATION C3RRESP TO MIN. ERR. 
C THIS CALCULATION WOULD NOT BE NECESSARY.

CALL CALCCOCALC * T * NPTl*IMIN*IMAX*P#NPAR1*FUERA)

IFCFUFRA) GO TO 5

NITER-lTER - 1  
WRITEC4,130) NT TER * ERR 
W R I T E C 4 * 140)

00 20 I=1*ITER

J-I-i
W R ITEC4* 150) J.ERROCI)

20 CONTINUE
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130 F O R M A T < I X ,//,2 O X , ' ITERATION # m 9 1 2 «8X ,' E R R O R S , F 7 . 4 >
1*0 FQRMAT(lXf/,20Xt* ERRORS IN PREVIOUS T TERATIONS *3
150 F0RMATClXt30XtI3,8X,F7.4)

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c ******* MORE ITERArtONS? ********

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C IP CONTINUE IN THE LOOP# ME HAVE TO CONSIDER THAT THERE ARE NEW 
C VALUES OF JDCALCGNPTl) * IM AX * ININ* IN OROER TO ENTER AGAIN TN OPTMO

W R IT F C 4 , 2 7 5 >
275 FflRMATClX,'ANOTHER ITERATION? *. S>

IFCANSWERCOUMMY)) GO TO 1000

0 CALL CALCCDCALC,T » NP T 1 , T M I N ,I M A X , P B E S T ,N P A R 1»F U F R A 3 
IFCFUERA) GO TO 5

* * * * * * * * * * * * * * * * * * * * * * * * < c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
***** OUTPUT THE RESULTS ********
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

WRTTFC6,300) C RRMIN 
WRlTFCSfllO) PBEST

MR I TF C 6,320)

KM AX- T MAX-IM IN+ I
00 35 0 1 = 1 # K MAX

J=I-J ♦ IM IN
D^OBS CJ) -DCAL CC J)
WRITE ( 6  *360) □BS(J),DCALC(J),DtOLOAT(J)

350 CONTINUE

WR ITEC6,3 7U>NITER*ERRMIN

C NOW THE VALUES OF THE FIRST GUESS ? INPUT DATA* ANO 
C FINAL ESTIMATION WILL BE PLOTEO IN THE SAME GRAPH.

CHARO*1H0 
CH ARI-1HI 
CHARF-1HF

28
C
c
c
c
c
c
c
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C CALCULATION OF THE MAX ANO MIN IN THE TIME VECTOR 
C ANO IN THE OBSERVATION VECTOR TOGETHER WITH INITIAL GUESS*

CALL M A X M I N C T ,NPTltXN,XX3 
CALL *AXMINC03S,NPT1,YN,YY)
CALL MAXMlNCOLPAT»NPTl,OMlNfDMAX) 
£F(OMAX*GT.YY) YY=OMAX 
IFCOMtN.LT.YN) YN=DM IN

CALL PLO T I P C T » 0 8 S . N P T I , C H A R O , X N ,X X ,YN,Y Y , 0) 
C ALL M OR F IP CT, OLnAT,NPT ItCHAR I)
CALL PL0TPRC6)
WR ITEC6 * 390)

C*LL PLOTiPCTfORS*NPTl*CHARO»0.*0.tO.tO.*l> 
CALL M O R E l P C T fOCALC*NPTltCHARF)
CALL PL O T P R C 6 )
W R t T F C 6 f395)

300 FORMATClXt///flOXt' OUTPUT MODEL ', i O X  9 •'ERROR* ',F7.4>
3 70 F0R*ATClX,20Xf'NUMBER OF H E R A T  IONS'9 1 2 »1 OX,'ERR(1R = ',F7.4)
310 FORMATC IX,2 OX t5CF10.4,5X)>
3 7 0 FO*MATClX,//,2OX *' O B S E R V A T I O N S ' »1 OX,'C ALC . V ALIJE ' , 10X,

£ 'DIFFERENCE ',10X, 'INITIAL GUESS')
36 0 FORMAT(1X*20X»4CF7»4»15X)>
330 FORMATC IX,//, 2 0 X , '*♦**♦* PLOT OF THE ERROR V.S*ITERATION*****')
3/S FQR"ATClXt/,20X, '****PARAMETER ' » 12 9 ' CHANGES ****♦')
3 35 FORMATClX, L O X » P ? f5X,FI 0.4)
390 FORMATClX,//,20X,'****** PLOT OF THE OBSERVATIONS CO)',

£ ' VS* THE FIRST GUESS *****♦')
395 FORMATClXf//, '♦*♦*** PLOT OF FINAL MODEL CF) VS.',

£ ' OBSERVATIONS CO) ****** ')

C H A R = 1 H*
IFCPRPLT) GO TO 400 
GO TO 460 

400 00 425 1 = 1,NP AR1

C EACH OF THE PARAMETERS ARE STORED IN ONE AREA COCALC) IN ORDER 
C TO PLOT THEM IN THE LPT*

DO 420 J^ltlTER 
JI * CJ-1) * NP A R 1 ¥ I 

420 DCALCCJ) * STRGPCJI)

CALL PLOT I P C X N,OCALCtITER,CHAR, 0. , 0*,0.,0.,1)
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4?5
450

4 60

CALL PLOTPRC67 
WRIT E C 6 f 3 75) t
WRITEC 6 »3 R 5 ) C<X N C K K 3,O C A L C C K K )) *KK*1 
CONTINUE
CALL PLOTlP(XNtERROtITER*CHARfO«tO«»0 
CALL PLOTPKC6 )
WR r TE C 6 * 33 0)
00 460 I=l»ITFR 
WRTTEC6f3R5> XNCI)tERROCI}
STOP
END

9 ITER)

• 9 0 • 9 1 3
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SUBROUTINE UP TMOCFIJER A, AUTO)******************** *********************************** *******
*** THIS SUBROUTINE CALCULATES THE QPTTMUN INCREMENT ********
♦ ** OF THE-PARAMETERS TO THE INPUT MODEL USING ********
*** RIDGE REGRESSION ESTIMATOR. ********
*** THE CALCULATIONS ARE SEQUENTIAL ANO SOME SUOROU- ********
*** TINES ARE NEEDED.: ********
*** I • - OERIV .......CALCULATES * A ' ********
*** 2 .- MPACK ... . . . .MATRIX PACKAGE ********
*** T •- PLOT.FOR.....PLOTS IN LPT ********
*** A .- CURVE .*= OR... .FORWARD SOLU T IONCC A T AL . INTER P .)*****♦ **

**** * * * * * * * *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
*** JUAN CARLOS R.A.OVfJFRO 197R » FEB . ********
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PARAMETER ?'«M A-? 00 # \'P T = 4 0 • NP AR = 5 

LOGICAL 1STOPtFUERA*AUTO

1 QGICAL ANSWERtFLAG

D £ M E N S T 0 N A T R P C M N A ),G C M N A ) ,DIF(N P T )»0E L P C N P A R ),S T R G E (M N A > , 
POLOCNPT)

COMMON / JL.JCK1 / OB S C NP T J *TCNPT) ,PCNPAR) » DC ALCC.NP T ) »
A C M N A ) « I MAX * IM IN 9 MN A 1 * NP T1 » NP AR I ♦ R TPL T

COMMON / BLOCK? / E R R .F R R O C 15)fE R R I < 1 5 ) » INTER *TTERt 
CUN'SKC 1 0 ) , XNFW, I FLAG

THE CALCULATIONS NTLL HE DONE SEQUENTIALLY;
IN F T° ST PA9 T WE END UP WITH VALUES OF ATRPA ANO ATRPC) 
LATER THROUGTH AN OPTIMIZATION LOOP A "GOOD" VALUE OF 
HELP WILL BE CALCULATEDCWE*LL EMPROVE THE MODEL)

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
****** CALCULATION OF THE MATRIX "A" CDERIVATIES) ******** 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

u CALCULATE THE MATRIX OERIVATY "A"
FiJFRA^.f a l s e .
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CALL 0FRIVCC UERA3 
IFCFUERA) RETURN 

C DUE TO THE “BOUNDARY LIMITATIONS IN TIME # "A* WILL HAVF 
C ONLY “KA* E L E M E N T S •

KO=IMAX— TMIN+l 
KA=NPARi*KD 
WRITEC4*3I?>

CPI WRrTF(l‘>,315)
C M  CALL P R I N T ( A # K A )

C ****** TRANSPOSE OF “ A» ********

r
C NOW CALCULATE THE TRANSPOSE OF “ A" AND STORAGE IT IN AN INDE -
C PENDENT ARF:\ = * = = > ATRP
C H E  REAL DOUBLE DIMENSION OF THE MATRICES IS J 
C A<KDtNPARl> <= = = = > ATRPCNPAR1 #KD)
C TH = N5 TH^ ACMNAl) CONTAINS ONLY KA ELEMENTS
C

CALL T P P ACAfNPARi*KAtATRPO 
CP! NRTTEClS»3?CO
CPI CALL PRINT (ATRP,KA)
C

c ****** TRANSPOSE OF "A" X “A1* ********
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
C NOW CALCULATE THE PRODUCT OF THE MATRIX TRANSSPOSF BY “A"
C ( ’.r«PA) AND STORAGE THE RESULT IN THF AREA “S “ .
C AT°P(NPAR 1 # K 3 ) * ACK^tNPARI) = 3 ( N P A R 1,N P A R 1)
C
C

“NC = NPAR l*NPAR1
C ALL PMTRXC ATRP.KA * A #K A #0♦M N C #K D )

CPI W R T T E C l S t 310)
CPI CALL P R I N T O t M N C )
C
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C ***** D I F E R 6 NCE MATRIX COBS - CALC) ********
C **************************************************************
C THF. niFEPENCC MATRIX IS THE 08S6RV. MINUS THE CALCUL A TED tFROM 
C THF POINT IM IN UNTIL IMAX. THE RESULT WILL BE STORED IN THF 
C FIRST KD ELEMENTS OF OIF.

DO 20 I = I * KD
KX = I - i M M l N
DIF(I)- 08SCKX> - DCALCCKX)

23 CONTINUE
CPI W R T T E C J 5 #3400
CPI DO 342 1=1»KD
CP 1 342 W R I T E C 1 5 # 3 4 D  OlFCI)
C



T-20A7 90

C **************************************************************
c * * * * * *  TRANSPOSE flF "A** X 0 IFERENCE MATRIX *♦♦***♦*C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *c
C THE NEXT COMMON POINT BEFORE THE OPT. OF m K m WILL BE FINO THE 
C PRODUCT ATRPCNPAR1,K0> * DIFCKD) =ATRP(NPAR1) ANO STORE IT IN 
C TH: AREA OF w AwC THAT IS NOT GOING TO BE USE03
rU

CALL P w r R X O T R P t K A # D I F * K O * A t N P A R I t K O )
CPI WRTTECISflSv))
CP! CALL P P I N K A t N P A R l )
C CALCULATE THF TRACE OF THE MATRIX ATRPA, CSTOREO IN "3M 3 

C AI. L T^ACE C B ♦MNC * T R C F )
CPI WRITFC15,355) TRCE

35 S F 0 p * A T ( 1 X ♦ 2 3 X » 'TRACE='tF)
M ?  FOR'IATC// lX*2CXf'IN THE SUBROUTINE 0PTMO')
115 FO°MATC// ? O T f'MATRIX OF OERIVATTES')
3 ? 0 F O R V A T ( i X f?OX,'TRANSPOSE OF A' )
3 JO FORMATClX f2 0 X »'ATRPA')
U O  FO*MATC IX*2OX, 'OIFCRENCE M AIR TX')
W i  FORMATClX,40X,F>
350 F O R M A T C l X * ? 3X, 'ATRP * OIF')

C
C
C U T S  IS THE ERROR IN TEH LAST ITERATION CQUTER)

OLDK=CHNSK C IN TER )
C THIS IS A ^CFERENCF VALUE WHEN DOING THE 3ECISSI0N OF NEXT «K" 
C 3l)Th MATRICES CUNSK ANO ERRO ARE STORED IN COMMON AREA 

TNTER*0 
NMl\j = 3 
f rominsTRCE

C * r K 0 R E BEGINS THE LOOP WE'RE GOING TO STORAGE THE SET OF 
C OLD PARAMETERS IN AN! Ap R A Y POLOCI)
C

no 10 1=1t NP AR1 
id poroci)  = pci )

IFL AG = 0
C

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c * * * * * * *  OPTIMIZATION LOOP **##**♦*
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
330 CONTINUE
C
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C
C Tnrs IS PART OP THE LOOP OF OECISSION OF NEW K ; WITH THF INF• 
C CONTAINED IN ERRICINTER) ANO CONSKCINTER)* SUBROUTINE OECIS 
C WILL FIND A»GOOO VALUE OF ”K"

TX =INTER
IFCAUTOJC ALL QFCrSCISTOP>
IFCAUT0 3WR I TEC4 ,39) IFL AG , INTER • FRRIC INTER > , XNFW 
IF C 1STOP) GO TO 70 
TFCAUTO) GO TO 125

WRITEC4,340>
ACCEPT 36 5, XNEW

365 FQRMAT(C )
350 FORMATCIX,'ENTER THE NEW VALUF OF X $)
$ * F O P H A T C I X , 5 X , ' S L O P E - ' , 13 ,5X , ',TTERAT.=' , I3,5X,

S 'ERR0R=*,C 7«4,5X,'NEW K = * ,*10.5)

i?S J\TER=INTER*i

****** M AT A P * A * K * I M ********

31)!) TO THE OIAG.lNlL FLFMFNTES THE: TRACE ♦XNFW 
A f>! 0 THE MATRIX C AT®PA*KT>=*=*> ST OR EH IN "8 "

XX = XNEW#T ICE 
" 0  4 0 I - I ,NPAR1

INOEX = C I - l ) t N P A R l M  
SC TND6X)s3CI * 10 E X 3 ♦ X K

CONTINUE
CALL PR i N T l C 8 ,*NC>

****** "(ftTRP * A ♦ K*I)**-1 ********

NOW TNVERT THIS MATRIX==> C A T R P A + K T > * * - 1  AND STORAGE THE 
RESULT IN “AT \ P *•

CALL O c SCAL CO , ATRP,NPAR 1 ,MNA1>
CALL PR IN T1C ATRP ,N N C >

****** INCREMENT OF THE PARAMETERS O E L P >  ********
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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C THE VALUFS OF OELP CAN 3E OBTAINED .MULTIPLYING C ATRP A+KI )**-1 
C (STORED IN "ATRP") BY ( ATRP * OIF) (STORED IN "A")
C

CALL PMTRX(ATRP*MNC»A,NPAR1,DELP tNPAR1,N P A R 1)
C
C NOW FIND THE NEW .MOOFL ANO STORAGE IT IN THE STTORAGE MATRIX 
C FOR A POSSIBLE RECOVERY.
C
C POLO IS THE OLD YODEL WITH NO INCREMENT EFFECT 
55 00 60 1 = 1 »NPARl

J= r#*NP AT I *C INTER-1)
XI = 1 C . * * C 0 E L P C D )
P ( D  = POLO<I) * XI 
ST?GF(J)=P(t)

CONTINUE
C
C T RY TO FTNO Tht ERROR CORRESPl)NENT TO THE MODEL
C

FUFRA= .FALSE.
CALL CALCCOCALC »TfN P T 1 »11•12 ,P »N P A R 1 ,F U E R A >

C
C 1= THF FLAG FUERA IS T R !J F » THEN THAT PARTICULAR CURVE IS NOT
C IN THE CATALOGUE* THEN WE DON'T WANT TO LOOSE THE INFORMAT ION
C OF PREVIOUS INNER ITERATIONSC INTER) ? SO:
C

IFCC^JFRA).ANO.(TNTER.FO.i)) RETURN 
IFCFUERA) XilTER = INTER-1 
TFCFUFRA) WRTTEC4*65)
T^CFiJERA) GO TO »0

65 F O R M A f C i X * ' * * * T H F PROGRAM WILL STOP OPTIMIZATION OF THT't
£ ' RIDGE TRACE ****'/)

C tjf ERROR 
C

CALL E R R O R C D C A l C * 0 3 S . N P T 1 »II * 12,ERR)
KNFW = < I 2 - I I M >
FRRIC INTER)=FRR 
C 3NSKCINTER) = XNEW

C
C FLAG TO LOCATE THE MINIMUN OF THE C U R V E " ERR0R = ERR0R(XNEW)"
c

TFCERRYIN.LT.FRR) GO TO 25 
.NM TN= INTER
e r r m i n =e r r

25 CONTINUE
C
C THESE STMT ARE WRITTEN TO PROVIDE ENOUGH INFORM. WHEN 
C WORKING AS AN ITERATJVEE SYSTEM
C

IF(AUTO) GO TO 130
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W R I T E C 4 , 200) INTER
W R T T E C 4 , 210) TRCE > XNEW , ERR ,ERRM IN, ERR0( ITER ) 
W R I T E C 4 ,220 )

DO 230 I=i,NPARl
WRITE<4,24 0> P O L D C I > , OELP C I) ,P C I >

2 30 CONTINUE

C IN CASE THAT w'E WANT TO STOP INTER ITERATIONS 
C WE' LOOK, FOR THE MINIMUN ERROR MODEL 
C

IF(AUTO) on TO 130

WRITEC4,
IF CANSWERCOUMMY3) GO TO 70 

1.30 CONTINUE

?J0 F J R M A T C IX,1SX»' OPTIMIZATION ITERATION U ', 12)
210 FO*>-MATClX.l )X,' TRACE ',F7.2,ISX,' K= ' ,F 7, 4 , / , I OX ,

£ ' ERROR =',F7.4,SX,'MIN FRROR = ' ,F7.4»S X »'LAST FRR0R',F7.4>
220 FURMATClXflSXt 'OLD P A R A ’3FTERS',IQX,'DELP'»10X»'NFW PAR AM* ')
24 0 FOR MAT C 1X,15X,3(F10.4,5X)>
8 S FQR.MAT(iX«//*'FINISH OP T IM IZ AT TO N 0̂ * THE RIDGE TRACE? ',$>

C
C IF CONTINUE THE ITERATIONS, LET'S RECOVER THE MODEL

DO 37 T = 1, N P A R 1
tNOEX=Cr-l)*NPARl+r 
!3< INDEX > = B< INDEX)-XK

3 7 CONTINUE
GO TO 990

C ****$*******<E*****<f$t!8E*<:$******:3t*****************$*******$4t****
C ********* * * * * * * * * * * *  *$$*£****** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C ***** OPTIMIZATION LOOP (LOWER LIMIT) ********C ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c 
c

7 0 CONTINUE
IFCRTPLT) GO TO 7S 
GO TO 73 

7i CONTINUE
CHAR=iH*
CALL PL0T1 P(CONS<,F.RRI, I N T F R , C H A R ,0. ,0.,0.,0.,1)
CALL PLUTPRC4)
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78 CONTINUE
IFCNMIN.EQ.INTER) RETURN 

C THE MINIMUM ERROR WILL OEFINE THE BEST M01EL FOR THIS ITER- 
C ATION,

CONTINUE 
FUFRA=.FALSE.
ERR = FRRI(NMIN)
XNFW=CONS<CNMIN>

ri/
C NUW tTHE CORRESPUNDENT MIOFL WILL 8 ES
C

I SE A = C NMT N - 1) *NP AR I

C WlRITEC4,*S) I SE A
FORMATCIX * 2 J X « 'MATRIX OF STORAGE OF PARM*t*>X#*ISEA=%l?) 
IJ=I\TFR*NPARl 

C CALL PRINT1CST?GE,IJ)
DO 9 0 1 = 1 tNPARI 

PCI)=0.0 
K = 7♦ IS E A 
PCI)=STRGE(K>

n J CONTINUE
C IT WILL RETTURN WITH t h e  VALUES OF THE ERROR (ERR ) , M O D EL(P(I>)
C

RE TURN 
END
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SUBROUTINE DECTS<I STOP}
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C * * * * * *  SUBROUTINE OECIS *******
C ****** THIS ROUTINE CALCULATES THE OPTIMUM VALUE OF THE****** 
C ****** RIOGE PARAMETER H A T  CORRESPONDS AT EACH ITER A T •****** 
C ****** THE ALGORITHM OF THE CAN BE FOUNO IN T-2047 *******
C ****** C C •S.M.}• THIS ALGORITHM IS BASED MAINLY IN ******* 
C ****** THE CALCULATION OF THE SLOPE OF THE CURVE AT ******* 
C ****** EACH PARTICULAR POINT,TO DETERMINE THE MINIMUM.******* 
C ****** THE VALUES OF THE STATING POINT CSTART} AND *******
C ****** THE INCREMENT OF THE R.P. CCINC} CAN BE MOOIF IEO.***** 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C ****** ORIGINAL PROGRAMER JUAN CARLOS R . O V E J E R O ,1978 ******
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c 
c 
c

LOGICAL ISTOP
COMMON / BL0CK2 / ERR ,E R R O C 15},ER R I < 15 } , I NTER,I T E R •

C CONSKCIO),XNEW,TFLAG
TF(INTER—? } 1 0 ,20,30 

10 CONTINUE
C
C THTS IS CONCERN WITH THE CERO ANO FIRST ITERATINS 
C

I STOP -•FALSE.
C START IS AN STATISTICAL POINT CLOSE TO THE AVERAGE MIN[RUN 
C "CINC" IS THE INCREMENT FOR EACH VALUE OF "XNEW"

SI ARt = 0.2 
C IFCI TER.EQ.1 )START=0.5

C INC*0.3 
Ct=CTNC**TNTER 
XNFW-Ci *ST ARI

C NOW BACK TO THE MAIN WITH VALUES OF "ISTOP" AND "XNEW"
RETURN

20 CONTINUE 
C
C C0R THE THIRD ITERATION WE NEED TO COMPARE THE PREVIOUS TWO 
C AND OECEIOE WHICH DIRECTION TAKE BASEO IN THE SLOPE OF THE 
C CURVE: " ERROR- E R R O R ! X N E W }■

ISTOP=.FALSE.
ERRINC=ERRICTNTER-l}-ERRICINTER}

C
C ERRINC GIVES THE SIGN OF THE SLOPE 
C

TFCF RRINC} 23,26,29 
23 CONTINUE
C
C NEGATIVE SLOPE,THEN TAKE BIGGER VALUES OF"XNEW" TO FIND MINIMUM. 
C IFLAG MEANS THE OLD VALUE OF THE SLOPE
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IFL A G = - 1
XNEW=C0NSK<1>*1.5
RETURN

6 CONTINUE

FOR EQUAL VALUES OF THE LAST TWO ERRORS THE MININUN OF "XNEW"
4ILL BF BETWEEN THE CORRESPONDENT VVALUES OF "XNEW".

IFLAG=0
A=C0NSK(1 3-CONSK (2 3 
X N E W = A * G •25+C ONSK (2 >
RETURN 

9 CONTINUE
= OR PQSTTTVE SLOPE IN THTS 70NF OF CURVE

IFLAG=1
XNEW=C0NSK(23*0.3 
RETURN 

0 CONTINUE
:h f k  f o r  m a x  n u m b e r  o f  i t e r a t i o n s

ITRMAX=8
IFCINTFR.GF.ITRMAX) GO TO 35 

IF THE ERROR HAS DECREASED ENOUGH THEN STOP "INTER"

PRCMAX-0.75
ERRINC=FRROClTER)-ERRMIN
OECRMT=ERRlNC/ERROCITER)
TFC<OFCR.MT.Gr.PRCMAX3.ANU.ClTER.GT.n) GO TO 35 
IJ=INTER-1
ERR INC = E«RIC rNTER)-ERRT(IJ3 
X=ERRINC*I000.
KX= IFIXCX)
ERR INC=FLOAT(KX)/1000.
IFCTFLAG340,50,60 

0 CONTINUE
THE PREVIOUS SLOPE WAS N E G A T I V E ,THEN CHECK WITH LAST TO DETERMINE 
POSSIBLE MINIMUN

T F ( E R R I N 0  36,33,35 
50 CONTINUE
C THE PREVIOUS SLOPE CERO, THEN CHECK IN MIQOLE 

IFCFRR I N C . G T •0•09 WRITE<4,120>
123 FORMATCIX,20X* 9 CHECK "XNEW",MAXIMUN IN C U R V E D

GO TO 35 
60 CONTINUE
C THE PREVIOUS SLOPE WAS POSITIVE 

IFCERRINC) 37,38,35
35 CONTINUE

I S T O P * •T R U E .
RETURN

36 CONTINUE
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ISTOP*.FALSE.
IFLAG*-1
XNEW=CONSK( INTER)/CINC 
RETURN 

37 CONTINUE
1ST 0P=.F AL S E .
IFL AG=I
XNEW=C0NSK(INTFR)*CINC 
IFCXNEW.GT.l.) X N E W = 1 .
RETURN 

3 ft CONTINUE
ISTOP=.FAlSE.
IFLAG*0
OFLCTE* CCONSKCIJ)— C O N S K C I N T E R ) 3 *0.5
XNTW^CHNSKCINTER3+OELCTE
RETURN
END
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c
C
c
c
c
c
c
c
c
c
c
c
ru
c
c
r
V#

C
C
c
c
rV#
c

SUBROUTINE C A L C C P A •T fN P T t I I , 1 2 ,PfNPAR.FUERA) 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
****** SUBROUTINE CALC
****** THIS SUBROUTINE CALCULATES FOR AN INPUT EARTH 
****** MODEL* THE CORRESPONDENT VALUES OF THE APPAR. 
****** RESISTIVITY CURVE* IN REAL TIME.
****** i n p u t :
****** P A R A M E T E R S . ..RHOl*RH02*HI*H2*R
****** REAL TIME ... TCI),I«1»NPT
****** o u t p u t :
****** A P P . R E S ....... PACI)
****** 11 # 12 t ....... LIMITS
****** WHFRE t h e  VALUES OF PAC I) ARE ONLY CALCULATED * 
****** FOP THE RANGE OF VALUES C 1 1 .LE.I . G E • I 2) *
****** q u f  TO THE DIFFERENCE OF THE APP.RES.CURVE *
****** TTMES AND THE REAL TIME C T C D D .  *
****** OUR TNG THEE EXECUTION IT WILL CALL THE SUBROUT.* 
****** CURVE * AND THE FUNCTION XINTP. **
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
****** JUAN CARLOS RODRIGUEZ* F F B fL97R *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
* * * * * * *  
** * * * * *  
****** 
****** 
* *****  
* * * * * *  
* * **** 
* * * * * *  
* ***** 

* * * * * * *  
* * * * * * *  
*******

*
*
*
*
*
*
*
*
*
**

c THIS
C THE
c c t h e

PARAMETER N=35
C0MM0N/8L0CK1/ DR3H*OR?BR«nH23H 
LOGICAL FJERA
DIMENSION P A C N P T > » T C N P T ) t P l C N ) #TTiCN>tPCNPAR) 
IFCNPAR.EQ.3TCO TO 3 
RHfU = PCl>
Hl=PC?3
RH02-PC3)
H2=PC4>
R=P(5>
DR2BR-RH02/RH01 
DH2PH=H2/H1 
D R 8 H =R/H1 
GO TO 5 
CONTINUE 
R HOI = 10.*1=1000.
DR 2BR =P C l >
0H23H=PC2>
DRBH = P C 3 3 
CONTINUE 
DELT=O.OB 
FUERA*.FALSE.
CALL CURVECPltTl.Nl.FUERA)

FLAG "FUERA WILL CDMUNICATE TO THE CALLING ROUTINF THAT 
ESTIMATION OF PARAMETERS IS OUT OF THE PROPER RANGE 
RANGE THAT THERE EXISTS IN THE CATALOGUED 
IFCFUERA3 RETURN



CALL TSPL0T<PltNl»2tN>
WRITEC4 »?5 0) T 1 » N 1
FO R W A T CXXt/»lOXf^Tls ^*F7*3f5X#^Nl-^#I3»/>
WR ITEC4»255)
F O R M A T C l X ^ O X . ' A P P . R E S . C U R V E C T H E O R . ) ' )
WR ITEC4 §26 0) PI 
FOR NA T(5X♦5F)
K = 1 
11 =1 
I2-NPT
DO 10 I-1t N1 

X - I - l  
Z=X*OELT 
TT I (I) = T1+Z

CONTINUE 
00 50 I-lfNPT

T A U= 0•0
IFCTCI).EQ.O.)GO TO 9
TAU= 3*899 039934+0.5*ALOG10<RH01)*ALOGIOCTCI)>*0. 
A L Q G l O C H 1)

W T L L 3E A VALUE OF FORMULACTTME PARAMETER)
IF(TAU«LT«TT1(I))GO TO 9 
IFCTAU.GT.TTi(Nl)) GO TO 8 
P A < I ) = X I N T P C T A U § P l § T T l , N l fK)
PAC I> = PAC I)*ALOG10CRHG1)
GO TO 50 
12=12-1 
GO TO 50 
11 = 11 ♦ 1CONTI NUE

CALL TSPLOTCPA»NPT»?»NPT)
RETURN
END



n
 o 

r»
T-2047 100

FUNCTION X t N T P ( T A U * P l f T i , N l fK>
C * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * *
c ****** FUNCTION INTERPOLATION *****
C ****** THIS FUNTION DOES A LINEAR INTERPOLATION FOR *****
C ****** THE VALUE OF TAU WHEN THE CURVE PiCTl) IS DE- *****
C ****** FINED WITH A SET OF N1 POINTS. *****
r ****** FT RST * FINOS THE INTERVAL OF TIMES WHERE TAU *****
C ****** IS INCLUDED* AND THEN OOES A LINNEAR INTERPO *****
C ****** LATION • *****
C ****** PICNl).......VECTOR CONT.VALUES OF FUNC.*****
C ****** T1CNI3.......C0RRESP. TIMES *****
C ****** TAU •••••••• INTEERP TIME *****
C ****** K ............FLAG CLOC OF LAST INTERP• )**♦**
C ****** J.C.R.1973 *****
C ***********************************************************
c

LOGICALC FLAG 
OIMFNSION P ICNl) t T l C N O  
FLAG=.TRUE.
00 20 J-K #N 1

IFCCTAU.GE.T!(J)).AND.(TAU.LE.T1CJ*1>>)FLAG=.FALSE 
IFCFLAG) GO TO 20 
0ELT=TICJ*19-TICJ>
0ELP=P1CJ*l>-Pl<J)
TINC=TAU - T1(J)
SLOPE = 1ELP/DELT 
PINC = SLOPF * TINC 
X IN TP = Pl(J) * PINC 
K = J
THE VALUE OF K WILL GO BACK TO THE MAIN PROG WITH 
THIS VALUE.
RETURN

? 0  CONTINUE
STOP * TAU OUT OF THE TIMES IN CATALOG CURVE*
END
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SUBROUTINE C U R V E C P I ,TI* N 1 *FUERA)
c I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * *
c * * * * * * SUBROUTINE CURVE * * * * * * * *
c * * * * * * THIS SUBROUTINE WILL CALCULATE THE APPARENT * * * * * * * *
c * * * * * * RESISTIVITY CURVE CORRESPONDENT TO A GIVEN SET * * * * * * * *
c * * * * * * OF PARAMETERS ( P A R A M .,APPA . R E S . AND TIME HAVE * * * * * * * *
c * * * * * * BEEN NORMALISED). * * * * * * * *
c * * * * * * i n p u t : * * * * * * * *
c * * * * * * O R B H ........ R/Hl * * * * * * * *
c * * * * * * 0R23R...... R2/R1 * * * * * * * *
ru * * * * * * 0H2BH...... H2/H * * * * * * * *
c * * * * * * o u t p u t : * * * * * * * *
c * * * * * * P l C N l ) .....  VECTOR CONTAINING Nl VALUES OF NOR * * * * * * * *
c * * * * * * MALTZEO APPARENT RESISTIVITY. * * * * * * * *
c * * * * * * T 1 •••••••• ORIGEN OF NORMALIZED TIMES FOR THE * * * * * * * *
rV * * * * * * APP.RES. CURVE/ TI <===>PlCI) * * * * * * * *
c * * * * * * THE TIME CORRESPONDENT TO THE VALUES OF THF APP********
c * * * * * * RFS.C TCI) <=-— > P1CI>> CAN BE OBTAINED: * * * * * * * *
r * * * * * * TCr)=Tl*Cl-l)*OELT * * * * * * * *
C * * * * * * WHERE OELT IS THE SAMPLE INTERVAL FOR ALL THE * * * * * * * *
c * * * * * * CURVES OF THFCATALOG CONTAINED IN THE FTLE. * * * * * * * *
c * * * * * * OF READING.DURING THE EXCUTION IT WILL READ 8 * * * * * * * *
c * * * * * * CURVES FRON FOR 0 2 . DAT( RANDOM ACCESS FILE CONT * * * * * * * *
t# * * * * * * AINING THE CU»VF CATALOG)? AND WILL CALL THE * * * * * * * *
c * * * * * * s u b r o u t i n e  f i n d . * * * * * * * *
c * * * * * * JUAN CARLOS RODRIGUEZ * * * * * * * *
r*K* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
c
C THE PARAMETERS WILL RE:
c N P N T .......A OF POINTS IN EACH CURVECMAXIMUN)
c NPARI.....A OF R/l PARAM. IN THE CATALOG
c N P A R 2..... # R2/RI ""
cr N P A R 3 • • •••$ H2/H1 w"
u

PARAMETER NPNT-35 *NP AR l-10*NPAR2“4*NPAR3=S
COMMON/BLOCK!/ DR9H*0R2BR*0H28H
0 1 MENSION P K N P N T ) * C U R V E A < N P N T > * C U R V E B C N P N T ) * C U R V E C ( N P N T ) ,

1 C U R V E O < N P N T )*CURVEECNPNT) *CURV EFCNPNT)*CURVEG<NPNT3*
2 C U R V E H C N P N O *  TREFCNPAR1,NPAR2*NPAR3>*R2BR<NPAR2)tRBHCNPAR1)*
3 H28HCNPAR3)

LOGICAL NEVER*LXfLYtLi#FUERA
C
C TIE VALUE OF OELT DCPPENOS OF THE RECORO SAMPLE INTERVAL
C

FUE® A = .FALSE•
DFLT-O.OB
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *************
*** * * *
* * * * * *
******
* * * * * *
* * * * * *
* * * * * *
* * * * * *

IREF MATRIX CONTAINS THE 
SPECIFIC CURVE RECORD IN 
ACCESS FILE.

I ........  RBHCI) *
J . ...... R2B R (J )-
K ........  32BH<K)=

f OF LOCATION OF THE 
THE BINART-RANDOM

OATA«
it

R/Hl OF
R2/RI
H2/H1

RECORDN

ILOC=IREF(I,J,K> 
R5ADCIDS¥ILQC>=> RECORD

c
c

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * ***

c
DATAC CCIREF < 1 ,J , K ) , t= 1 ,1 0 ) J = 1

z 01 t02 ,03, 04 05 , 0 0 00 00 00 0 0 ,
& 06, 07 ,08, 09 10 , 0 0 00 00 00 0 0 ,
Z lit 12 ,13, 14 15 , 0 0 00 00 00 0 0 ,
& 16, 17 ,18, 19 20 , 0 0 00 00 00 0 0 ,
z 0 0 ,21 ,2 2 ,23 24 ,25 00 00 00 0 0 ,
a 0 0 ,26 ,27, 29 29 ,30 00 00 00 0 0 ,r 0 0 ,31 ,32, 3 3 34 ,35 00 00 00 0 0 ,
z CO, 36 ,37, 33 39 ,40 00 00 00 0 0 ,
z 0 0 ,00 ,41 ,42 43 ,44 45 00 00 0 0 ,
Z 0 0 ,00 ,46, 47 48 ,49 50 00 00 0 0 ,
z GO, 00 ,51, 52 5 3 ,54 55 00 00 0 0 ,
z 0 0 ,00 ,56, 57 58 ,59 60 00 00 0 0 ,
z 0 0 ,00 ,0 0 ,00 61 ,62 63 64 65 0 0 ,
z oc, 00 ,0 0 ,00 66 ♦ 67 63 69 70 0 0 ,
z 0 0 ,00 ,0 0 ,00 71 ♦ 72 73 74 75 0 0 ,
z 0 0 ,00 ,0 0 ,00 76 ,77 79 79 90 0 0 ,
z 0 0 ,00 ,oc, 00 00 ,81 92 83 84 95,
z 0 0 ,00 , 0 0 , 00 00 ,96 87 88 89 90,cN* 0 0 ,CO ,0 0 ,00 00 ,91 92 93 94 95,
z 0 0 ,00 ,0 0 ,00 00 ,96 97 98 99 100

DAT A NEVER/ •TRUE. /
13 *=OR M A TC3F)

Vi R TTE C 18 ,13 )DRBH, 0R23R, DH28H
IDS = 2
f l n a m =*F0R92.OAT'

***

4),K=l,5) /

I F< NEVER) OPFNCUNITsIDS* ACCESS^'RANDOM*’# MODE*'BIN ART',
1 OISPOSE^'SAVE'tFTLEsFLNAMjPROTECT ION="177 ,RECORD SIZF=4 0, 
1 ASSOC I AT A VARIA8LE=J0S)

NEVER = .FALSE.
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
***** READ v e c t o r s  c o n t a i n i n g  p o s s i b l e  p a r a m e t e r s  i n ********
***** CATALOGUE OF CURVES,LOOK FOR TWO INDEX THAT ********
***** WILL LOCATE OUR OATA IN V E C T Q R C I M A X , IMIN) ********
***** ***** * * * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

REAOCIOSfi>R?»R
CALL FIND CJ1,J2tR23R,NPAR2,DR28R,FUERA>
TFCFUERA)RE TURN
REAOCIDS*2)H28H
CALL FIND CKl ,K2 , H ? 3H , N P A R 3,D H 2 3 H ,FUERA)
IFCFUERA)RETURN
REAQCIOS#3}R3H
CALL FIND CIl,I2,RBH,NPAR1,DRBH,FUERA> 
IFCFUERATRET’JRN
W R I T E (4 #115 ) I I , 12,Jl,J2,Kl,K2 

IS PQRMATClXflQX t 'VALUES OF IMIN ANO IMAX, J , K ' , 6 I)

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
***** FOP EACH OF THF B CJRVES IN THE INTERPOLATION ********
* * * * *  1 .- ...LOCATE IT IN IREF MATRIX ********
* * * * *  2,- ...READ ITS VALUES FROM FQR02.DAT ********
* * * * *  3.- ...CHECK FOR MISTAKES IN PARAM. ********
* * * * *  ******** 
* * * * *  TO FIND THE INTERVAL OF TIME COMMON TO THE B ********
***** CURVES, THE LARGESTVALUE OF "Tl» WILL BE ********
***** DETERMINE CTIMAXD. ********
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

EACH OF THE RECORDS CONTAINS:
R 2 / R i ? H 2 / H l * R / H l * T l J N l ;CURVE

WHERE 5
CR2/R 1,H2/HI,R/H13 ..VALUES OF THE PARAMETERS FOR RECORD 
C U R V PC N 1 )...............N 1 VALUES OFAPP.RES.

T 1 ...................... NORM.TIME FOR FIRST VALUE OF CURVE
N 1 ....................... * OF POINTS IN THE CURVE
T1MAX=0.

C IF ONE OF THE CURVES IS NOT IN THE CATALOGUE 
C THE EXECUTION WILL COME BACK TO THE MAIN PROG. FOR A PROPER 
C ACTION, AFTER PRINTING THE VALUESOF PARAM.
C FOR THE •A" CURVE

FUER A-.FALSE.
TLOC = TREF (I1,J1»K1> ♦ 3
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IF C ILOC.EQ.3)F’JERA = .TRUE.
IFCFUERA) CALL FALLO 
IFCFUERA) RETURN
REAO CIOSftLOC) f)R2BRA#D H 2 R H A t O R B H A «T 1A » N 1A»CURVEA 
IF (C DR?BRA .NE• R2BRCJ1)) .OR. CDH2 3 H A . N E . H 2 B H C K 1)3 

I .0R.Cr>R3HA.NE.RBHCTl)))ST0P*FALL0 IN 0 A T A PARM IN FILE * 
IF C T 1A .GT. TIM AX > T 1MAX=T1A
CALL RtTEC DR2BRA,0H2BHA»DR9HA#T1A.N1A*CURVEA,T1MAX)

THE SAME FOR "0"
FUFRA=.FALSE.
ILOC = I R E F  CI2»JltKl> ♦ 3 
IF C ILOC.E0.3)FUERA=.TRUE.
TFCFUCRA) CALL FALLO 
TFCF'JFRA) RETURN
R F AO CIDS#IL0C) D R 2 3 R H » 0 H 2 B H B * 0 R B H 8 * TI B * N 1 B *CURVFB 
IF (C 0R23R8 .NE. R 2 B R C J D )  .OR. CDH28H8. N E . H 2 R H C K 1 ))

1 .nR.C0RBHB.Nc .R8HCI2)))STQP*FALL0 IN DATA PARM IN FILE * 
IF CT18 .ST. U M A X )  TIMAX = T18
CALL RITFC DR2BR3 , 0 T2BHB *OR BHB » TI3 * Nl 3 » CUR VEB t U M A X  )

THE SAME FOR "C"
F U CRA=.FALSE.
TLOC = IREF CIl»J2t<l) * 3 
IF C ILOC.E<3.3)FUERA = .TR!JE.
TF(FUERA) CALL FALLO 
TFCFUFRA) RETURN
R F AO CIDS*IL0C) 0R23R C .0 H 2 B H C »D R B H C »T l C ,N I C «CURVFC 
TF CC DR23RC .NE. R28RCJ?)) .OR. CDH2 8MC . N E . H 2 R H C K 1 )>

I .QR.C 0 « 0 H C . N F #R8HCIl)))ST0P*FALL0 IN DATA PARM IN FILE' 
TF CTlC .GT. T1MAX) T 1MAX = T 1C
CALL RITEC O R 2 H R C t 0 N 2 3 H C *O R 8 H C ,T I C*N1CtCURVEC«T 1MAX)

THE SAME FOR m D"
PUFRA=.FALSE.
TLOC = IRFF CI2.J2.K1) + 3 
IF < ILOC.EQ.3) F U E R A = . T R U E .
IFCFUERA) CALL FALLO 
IFCFUERA) RETURN
READ ( I D S # I L O C ) OR23RD»DH2BHDtDR 8 H D »T 1 D *N 1 0 tCURVFD 
TF CC 0R2BR0 .NE. R 2 3 R C J 2 )) .OR. C O H 2 9 H O . N E . H 2 9 H C K 1)>

I .OR.CDRBHQ.NE.RBHCI2)))ST0P*FALL0 IN OATA PARM IN FILE* 
IF C T 10 .GT. U M A X )  T 1 MAX = T1D 

C THE SAME FOR "E"
FUERA=.FALSE.
ILOC = IREF CIltJl*K23 ♦ 3 
IF C ILOC.EQ.3)FUERA=.TRUE.
IFCFUERA) CALL FALLO 
IFCFUERA) RETURN
READ CIOSftlLOC) 0 R 2 B R E . D H 2 B H E fO R B H E •TIE»NIEtCURVEE 
TF CC DR2BRE .NE. R 2 B R C J 1)) .OR. C0H2BHE.NF.H2BHCK2))

I . O R . O R B H E . N E . R B N C T l ) ) ) S T O P * F A L L O  IN OATA PARM IN FILE* 
IF C U E  .GT. TIM AX) T1MAX = T1E
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C THE SA#E FOR «F*
FUERA*.FALSE.
ILOC * IREF CI2»J1,K2) + 3 
TF C ILOC.EQ.3)FUERA=.TRUE.
IFCFUERA) CALL TALLO 
IFCFUERA) RETURN
READ CIOS#ILOC) DR23RF,DH?BHF*DRBHF,TIFtN1F*CURVEF 
TF CC 0R2BRF .NE . R 2 P R C J D )  .OR. CDH28HF.NE.H28HCK2))

I .0R.C0R8HF.NE.RBHC 12)))STOP'FALLO IN OATA PARM IN FILE*’ 
IF CT1F . G T . T1M AX) T 1MAX=TIF 

C THE SAME FOR *G"
FUERA*.FALSE.
ILOC = IREF CI1»J2,K2) * 3 
TF C TLOC.EQ.3)Fl)ERA = .TRUE.
IFCFUERA) CALL FALLO 
IFCFUERA) RETURN
REAO CI OS*TLOC) 0 R 2 3 R G ♦D H 2 B H G »O R B H G »T 1 G »NIG *CURVEG 
IF CC DR2BRG .NE. R2BRCJ2)) .OR. C 0 H 2 S H G . N E . H 2 B H C K 2 ))

I •0R.Cr)!J8HG.NF.RBHCTl)))ST0P*FALL0 IN OATA PARM IN FILE* 
IF CTIG .GT. T1MAX) T1MAX=T1G 

C THE SAME FOR "H*
FlIFR A*.FALSE.
ILOC = IREF CI? * J2 t < ?) ♦ 1 
IF C ILOC.EQ.3) CU S R A = . T R U E •
TFCFUERA) CALL FALLO 
IFCFUERA) RETURN
RE AO C IDS#ILOC) OR 2 3 R H ,D H 2 B H H ,0 R 3 H H fT l H #N1H»CU»VEH 
TF CC 0R2BRH .NE. R2BRCJ2)) .UR. C0H23HH.NE.H2BHCK?))

I .OR.CDRBHH.NE.RBHC 12)))STOP'FALLO IN OATA PARM IN FILE*’ 
IF CT1H .GT. TIM A X) TIMAX*T1H
CALL RITEC D R 2 B R H f0 H 2 B H H , 0 R 8 H H » T l H fN 1 H fC U R V E H »T 1 M A X )

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
****** OETERMTNE THE NUMBER OF COMMON POINTS AFTER ******** 
****** U M A X * T H A T  WILL OEFINE THE COMMON INTERVAL OF ******** 
****** THE 8 C U R V E S .====> TIMAX*NMIN-~-> INTERVAL ******** 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

NMIN=NPNT
X A* C TIMAX-T1A ) / OELT 
NRES = NiA - KA
TF C NMTN .GT. NRES ) NM IN = NRES 
KB* C T1MAX-T1B ) / OELT 
NRES * NIB - KB
IF C NMIN .GT. NRES ) NMIN * NRES 
KC* C TIMAX— T 1C ) / OELT 
NRES = NIC - KC
IF C NMIN .GT. NRES ) NMIN = NRES 
KD* C T1MAX-T10 ) / OELT 
NRES = N 10 - KO
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IF C NMIN .GT. n r e s  > NMlN
KE= C TIMAX-T1E 0 / OELT
NRES = N1E - KE
IF ( NMIN .GT. NRES > NMIN
KF- C TIMAX— TIF ) / OELT
NRES * N1F - KF
I f < NMIN .GT. NRES > NMIN
KG = C T1MAX-T1G > / OELT
NRES = NIG - KG
IF C NMIN .GT. NRES ) NMIN
KH= ( T1MAX—T1H ) / OELT
NRES = N1H - KH
TF C NMIN .GT. NRES > NMIN

NRES

NRES

NRES

NRES

NRES
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C
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c

******************************************************
* * * * * *
******
******
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *
* * * * * *******
* * * * * *
* * * * * *

INTERPOLATION IN THREE DIMENSION USING THE 
FINITE ELEMENTS METHOD*WlTH THE EO.S

V<X,Y,Z)=Al+A2 X*A3 Y + A4 XY+A5 Z*A6 YZ 
♦A7 XZ ♦ A8 XYZ

THAT DESCRIBES THE VALUE OF THE 
FOR ANY POINT INSIOF THE VOLUME

"V" FUNCTION

E I 
I 
I 
I

A I

C

------------1 F
I I
I I

I
------------1 3

~ CK-Z)
I
I
I------ > CI-X)

C J-Y>

WHERE THE 
DETERMINE

VALUES OF THE "A" COEFICIENTS ARE 
USING OUR KNOWLEDGE OF THE FUNCTION 

>******[N THE R G0RNERSCA»3tC,...>,(30UN0ARY COND.3 
* ***************************************************** 
TNTcRPOLATION USING THE FINITE ELEMENTS

**
**
*♦

T R A SLAT ION OF T H E  AXIS TO THE 
X = ROHCI2) - RBHClt)
Y = P23RCJ23 -R2BRCJ1)

A( IMINtJMlN,KMIN> POINT

7 = H23HCK23 - H23HCK1)
C THE VALUE OF THE LOGICALC VARIABLES L X fLY,LZ WILL PRVENT 
C POSSIBLE DIVISION BY CERO WHEN CALCULATING A1,...A8 

LX=X«NE«0*0 
LY = Y.NE.0.(>
L Z = Z •NE »0« 0

C 3 Q 0 R D E N A T F S OF THE DATA POINT IN THE NEW AXIS 
XP = 0R8H - R3HCI13 
YP = DR23R - R2BRCJ1)
7 P— OH2BH - H 2 B H C K I >
DO 50 1=1* NM IN

FROM

Ml 
M2 
M3 
M4 
M5 
M6 
M 7 
M8

I+KA 
I + KB 
I + KC 
I ♦K 3 
I + KE 
I + KF 
I + KG 
I + KH

VA=CURVEACMl)
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va=CJRVE3(H2>
V O C U R V E C C H 3 )

VOsCURVEOC^)
V E - C U R V E E C M 5 )
VP=CURVEF(N6>
VG=CURVEGCN7>
VH=CURVEHCN33

C THE FINITE CLEMENTS FINDS THE SOLUTION OF THE LINEAR EO 5 
G V C X , Y , l * A 2 * X * A 3 * Y * A 4 X * Y + A 5 * Z * A 6 * Y * Z + A 7 # X * Z ♦A8*XY7

Ai^VA
IFCLX> A2=CVP-A13/X 
IFCLY0 A 3 - C V C - A l )/Y 
CST = Vn-Al-A2*X-A3*Y
csx» x* y
IFCLX.ANi3.LY> A4=CST/CSX 
IFCLZ) A5S C VE-A1)/Z 
CS3 = VF — A 1-A2*X— A5*Z 
CS4=X*Z
TFCLX.ANO.LZ) A7=CS3/CS4 
C S 5 = VG— A1-A3*Y-A5*7 
C S 6 “ Y*Z
IFCLY.ANO.LZ) A6 = CS5/CS6 
C S 7= VM-A1-A2*X-A3*Y-A4*X*Y 
CS3 = -A5*Z-A6*Y*Z-A7*X*Z 
CS9= X*Y*Z
IFCLX.AND.LY.AND.LZ) AS = CCS 7*CS8 >/CS9

C t h e n  t h e  VALUE o p  THE FJNTION IN THE LOCAITION WTLL 
C HE : PCXP,YP,ZP) VP* PlCI)

T0T=A1+A2*XP+A3*YP*A4*XP»YP 
T3T1s AS^ZPfA4*YP»ZP*A7«XP*ZP 
TGT2= A8*XP*YP *ZP 
P1CI>= T0T+T0T1+T0T2

50 CONTINUE
T1=T1MAX 
NI=NMIN
WRITEC4,100)TI,N1 
WRITEC4,200) PI 

103 F 0 R M A T C l X , I 0 X , F f5X,I,/>
200 FDRPATC5X,5F>

RETURN
FNO
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SUBROUTINE F T N O C I N I N «I M A X »A , N *A 1»FUERA)
c * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c * * * * * * SUBROUTINE FIND * * * * * * * *
c * * * * * * THIS SU3R. POSITION A SCALCAR IN A VECTOR * * * * * * * *
c * * * * * * CONTAINING THE POSSIBLE VALUES OF THE PARAME­ * * * * * * * *
c * * * * * * TER < S C A L C A R )•THE COMPONENTS OF THE VECTOR * * * * * * * *
c * * * * * * MUST BE OROFREO (INCREASING OR DECREASING). * * * * * * * *

c * * * * * * * * * * * * * *
c * * * * * * THE ARGUMENTS: * * * * * * * *
c * * * * * * ACN)........ REFERENCE VECTOR * * * * * * * *
c * * * * * * Al ........ . SCALCAR TO LOCATE * * * * * * * *
f*L# * * * * * * I M A X ........ UPPER LOCATION INDEX * * * * * * * *
c * * * * * * IMIN ..........LOWER " « * * * * * * * *
c * * * * * * * * * * * * * *
c * * * * * * £F THE VALUE IS OUT OF THE RANGE INCLUDED IN * * * * * * * *
c * * * * * * T M F VECTOR, IT WILL PRINT A MESSAGE. * * * * * * * *
c * * * * * * IF THE SCALCARS WITHIN THE 10T OF THE VALUE * * * * * * * *
c * * * * * * OF APOINT IN THE MATRIX » TH AT WILL BE THE ONL Y * * * * * * * *
c * * * * * * LOCATION (IMAX=IMIN>. * * * * * * * *
rw * * * * * * * * * * * * * *
c * * * * * * JUAN CAR IDS RODRIGUEZ. FEB 1978. * * * * * * * *

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C
C

d i m e n s i o n  a c n >
LOGICAL FUERA 
FUtRA=.FALSE.

C THIS THE 1 0 %  UF CONFIDENCE INTERVAL 
C EPS=0.01
C XK TS A FLAG TOOIFF. i n c r e a s . FROM OECREAS. SECUFNCES 

XK = 1.
TF<A<2).LT.ACl)) XK=-i.
EPS=FPS*XK 
DO 30 1=1,N

A N IN - 0 •
A M A X - 0 •
8MIN = 0 •
IX = I
AM INTACT )*(I•- EPS)
AMAX=A( I )*( 1 + EPS)
RMIN=A(I»1)*C1.- EPS)
OTA=ABS(AMAX-AMIN>
D M AXA-ABSC AMAX— Al)
DMINA=ABSCAMTN-A1)
IFC(OMAXA.LE.DTA).ANO.COMINA.LE.DTA)) GO TO 40 
IF<I.EO.N) GO TO 30 
DTB=ABS<AMAX-BMIN)
0MIN8=ABSCA1-BMIN)
IFC(OMAXA.LE.OTB).ANO.COMINB.LE.OTB))GO TO 50

30 CONTINUE
F U E R A - •T R U E •
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CALL FALL01 
RETURN 

40 IMINS IX
IN AX=IX 
RETURN 

50 IMIN=IX
IMAX=IX*i
RETURN
ENO
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SUBROUTINE RITECA»B«Ct
DIRENSION PCN)
W R I T E C 4 * 1003 A,B»C

100 FORRAT(1X»F10X»*R2/Ri*
WRITEC4»200)N,T» TR

200 FORMATClXflOX»^N*^fI3»
VfRITFC4»300)

303 FQRWATC1X»1OXt'VALUES
WRITEC4 »4 00) P

400 F O R R A T < l X tlOX,7F)
RETURN

#NtP #TH)

*F10*3t*H2/H«'.F10*3t•R/H*'tF10.3> 

#Tl=*,F10.3# *TMAX«^»F10.3)
OF THE CURVE* *>
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SUBROUTINE FALLO 
************************************************************** 
****** SUBROUTINE FALLO ********
****** THIS ROUTINE WORKS IN THE CASE OF A LIMITATION ******** 
****** OF THE CATALOG SIZCt GIVING A MESSAGE OF THE ********* 
******* PARTICULAR LOCATION THAT IS NOT INCLUDED* ********
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

COMMON/RLOCK3/ D R B H ,0R2BR ,DH2BH 
WRITECA *100)

103 FORMATC / , 2 0 X t'*** PARAMETERS IN THE RANGE'*
£ 'BUT CURVE NOT IN CATALOGUE ♦***♦')

WR ITEC4, 110) D R * H fDR2RR,0H28H 
113 FORMA IC 2 0 X * ' R /H1=',F7.3,5X*'R2/R1 = '*F 7 ♦3»5X ,'H2/H1=',

£ F7.3)
RETURN
FNTRT F A L L O 1 
WRITC(4#1203

120 FORMATCIX»/»20X#'PARAMETERS OUT OF THE CATALOGUE RANGE',/)
WRI TEC 4 , I 303 DRBH,0R2BR,0H2BH 

130 FORMATC 2 0X,'R/Hl= ' , F 7 . 3 , 5 X ,'R2/R1=',F T .3,5X , 'H2/H1=',
£ F7.3)

RETURN
ENO
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SUBROUTINE PLOTlPCXtY»NtCHAR*XN#XX*YNfYXtICHEK)

ONE PAGE PLOT FOR TUBE OR PRINTER 
MULTIPLE PLOTS ANO/OR PRINTS

C H STOYER PROGRAMMER GOLDEN CO JUNE 1977

IMPLICIT LOGICAL CL)
LOGICAL ANSWER 
INTEGER LEND
DIMENSION LEN0C23)t P L 0 T C 6 9 » 2 3 ) # SAMEC1537), XCN), YCN) 
EQUIVALENCE CPLOTC1>,SAMEC 1>>
DATA BLANK/' il 3 L / '0 '/* LCL EAR/, TR UE ./* LNEVER /. TRUE . /
LCLEAR = .TRUE.
ITOSS = 0 
00 1 1=1*1537 
SAMfCT) - BLANK 
IFC T.LE.23)LENDCI)=0

1 CONTINUE
I FCXN.GE•XX > GOTO 2 
IFCYN.GE.YX) GOTO 2 
IFCICMEK.EQ.O) GOTO 10

2 XN = X C I )
X X= X C 1 )
YN=YCi>
YX 5Y C19
no 3 I = 1 * N
IFCXN.GT.XCI)> X N = X CI 3 
irCXX.LT.XCI3) XX=XCT>
IFCYN.GT.YC l)> YN=YCI>
IFCYX.LT.YC I)) YX=YCI>

3 CONTINUE
10 SX = 6B./CXX-XN)

SY = 22./CYX-YN)
ENTRY M0RE1PCX*Y*N*CHAR)
IFCCHAR.EQ.3LANK) RETURN 
DO 20 1 = 1»N
IX = fXCT)-XN)*SX *1.5 
IY = 23.5 - CYC 13— YN)*SY 
IFCCIX.LE.O) .OR. CIX.GT.69>) GOTO 17 
IFCCIY.LE.O) .OR. CIY.GT.23>) GOTO 17 
IFCIX.GT.LFNDCIY)) LENOCIY)=IX 
LCLEAR = .FALSE.
IFCPLOTCIX*IY).EQ.BLANK) GOTO 15 
PLOTCIX »IY) = D8L 
GOTO 20 

15 PLOTCIX*IY) = CHAR 
GOTO 20 

17 ITOSS = I T O S S * 1 
20 CONTINUE 

RETURN
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1000
1001
1002
1007
1008 
4 000 
4007

25
1003

1304

30

32
35

1005

50
1006

ENTRY PLOTPRCIOS)
IFCLCLEAR) GOTO 50 
LTU3E * I D S •EQ.4
IFCLTUBE.ANO*LNFVER)WRITEC4,4 000> 
IFCLTU8E.AND.LNEVER) LSGFT=ANSVERCDUMMY) 
IFCLTIJBE3LNEVER-FALSE 
IPCLSOFT.AND.LTUBE) W R I T E C I O S #4007)
FORMATC ' '#7 ( "*****♦****')# '* ')
FOR MAT C #l % 7 (  •’**♦*♦* **♦* " ) , "*"}
FORMATC * *'#69A l #'*')
FORM A T C ' '#7C'******♦***')#'*'#$>
F O R M A T C ' *'#69Al)
FORMATC' ARE YOU ON A SOFT COPY TERMINAL?'#*} 
FORMATC '0 TYPE RE TURN WHFN DONE VIEWING PLOT') 
IF(LTUOE)GOrO 10 
WRTTECIDS #1001)
WRTTECIDS,10D2)PL0T 
WRITECIDS,1000)
TFCLTUBE) GOTO 10
WRITECIDS»1003) XN#XX#YN#YX
FOR*ATC'CX*IN# XMAX# Y«IN# YMAX = ',4ClPE11.2))
AXN=10.**XN
AXX=10***XX
AYN=1P«*»YN
AYX=10•**YX
W R I T E C I O S #1003) AXN.AXX#AYN*AYX
IFCITOSS.GT.O) WRITECIOS#1004) ITOSS
F O R M A T C ' O ' # 15," POINTS OUT OF RANGE')
RETURN
CONTINUE
WRTTECIOS#1000>
J 1-1
00151=1,23
IFCLENDCID.LE.O) GOTO 32 
J2=JI*LEND(I>-1
W R I T E C I D S , 1003) C S A M F C J ) *J = J 1 #J2)
GOTO 35
VRTTCCIDS,1093)
J 1=J 1*69
TFCLS0FT.AND.LTUBE)WRITECIDS#100 7)
I FC.NOT.CLTUDE•AND . L S O F T ) )WRTTECIOS#1000)
FOR MATT A5)
IFCLSQFT)RFAOC4#1005) A 
GOTO 25
WRITECIDS#1006)
FORMATC'OBLANK PL0T1!')
RETURN
ENO
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FUNCTION ANSWER CHUMMY >
LOGICAL ANSWER
OATA AYES/*YE S 9t • A N O / ^ N O V »STOP/ ' S T O P */ 

1 » E A D C 4 *4000) ANS
IFCANS.EQ.STQP)GOTO ?.

4000 FORMATCA5)
ANSWER=.TRUE•
IrCANS.EQ.AYES) RETURN 
ANSWER=.FALSE,
IFCANS.EO.ANONRETURN 
WRITEC4,4001)

4001 FORMATC ̂  WHAT?*t*>
GOTO 1

? CONTINUE 
STOP 
FND
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SUBROUTINE TRPACA.NCA.MNA.ATRP)
c * * * * * * * * * * * * * * * * * * * * * * * * * *  **************************** ********
c ***** SUBROUTINE TRPA ********
c ***** THIS SUORGUTINE CALCULATES THE TRASPOSE OF A TWO ********
c ***** DIMENSIONAL MATRIXtWHEN IT IS STORED IN A VECTOR ********
c ***** FORMED BY SEQUENCES OF R O W S • ********
c ***** INPUT m a t r i x :
c ***** A C N R A , N C A ) . * . ..........MATRIX WITH NRA ROWS AND ********
c ***** NCA COLUMNS.STORED IN ONE VECTOR ********
c ***** OF DIMENSION SMNA=NRA*NCA ********
c ***** OUTPUT m a t r i x : ********
c ****** A T R P C N C A . N R A )........  CSTQREO IN THE SA*E MODE )*******
c ****************************************************** ********
c ****** JUAN CARLOS RODRIGUEZ .FEB.1978 ***** ***
c ****************************************************** ********
C
C THE PROPFRTT FOR THE TRASPOSE IS A<I,J)= BCJ.l)
C AND THE RELATION OF INDEX FROM TWO DIM. STORAGE INTO ONE DIM? 
C IJ = CI-I) * #OF COLUMNS ♦ J
Cc

DIMENSION ACMNAI.ATRPCMNA)
NFA=MNA/NCA 
00 20 I - 1 . N F A

00 20 J= I *NCA 
C USING THE INDEX RELATION

IJ=<I-1)*NCA*J 
KK=<J-l)*NFA+I 

C ANO THE CONOITION FOR A TRANSPOSE
ATRPCKIO*ACTJ>

20 CONTINUE
RETURN
END
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SUBROUTINE PMTRXCA,NMA#B#NMB#C»NMCiNCA3

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
***** THIS s u b r o u t i n e  c a l c u l a t e s  t h e  p r o d u c t  o f  t w o  d i m * ******
***** MATRICES»WHEN THEY are STORED IN VECTORSfEACH ********
***** VECTOR CONTAINING THE ROWS OF EACH MATRIX ONE ********
***** AFTER THE O T H E R • ********
***** INPUTS ••••••• ACNMA)tB(NMB) ********
***** w h e r e ; n m a = # r o w s  a < n r a o * a c o l . a c n c a ) ********
***** AND NMB=NRB*NCB ********
***** OUTPUT ••••••• C C N M C 3* WHERE C NMC-NR A*NCB > ********
* * * * *  * * * * * * * *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

DIMENSION ACNMA),0<NM93,C(NMC)
NFA« NMA/NCA 
NCB-NMB/NCA

00 20 I -1 *NF A
00 20 J - l 9NC8 m

T = 0 • 0
C IN THIS DO LOOP THE GENERAL TERM OF THE PRODUCT C(IJ) IS COMP.

IJ=CI-1>*NCB+J 
00 10 K = 11NCA 

C THE RELATION OF THE TWO INDEX C T » J 3 « >  CIJ>
IK=<I-1>*NCA*K 
KJ=(K-1)*NCB*J 
X=ACIK3*BCKJ)*X 

10 CONTINUE
CCIJ)=X

20 CONTINUE
RETURN 
END
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C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c ***** SUBROUTINE FRRflR
C ***** THIS SUBR. CALCULATES THE RMS ERROR BETWEEN TWO 
C ***** SET OF DATA STORED IN TWOVECTORSCSAME DIN.)
C ***** WE ARE INTERESTED IN THE RANGE CIltI2)ONLY*
C ***** INPUTS ACN >•B C N )..... TWO SET OF POINTS
C ***** C I 1 » I ? > ...... RANGE OF INTEREST
C ***** OUTPUTS ERR ......... .RMS ERROR
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c

SUBROUTINE E R R O R C A »B »N , I I «12»E R R >
DIMENSION A(N)«8(N)
ERPI=0.0

DO 30 1= lit 12

X-AC13-B <13
Y=X**2
ERR 1-Y+ERR1

30 CONTINUE

X N = 12-11 * i
ERR = SQRTCERR1/XN3
RETURN
END
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SUBROUTINE OESCALCA«B«N»NSQ)
C ********************************************************* ****
c ****** SUBROUTINE OESCAL ****
c ********************************************************* ****
c ****** THIS SUBROUTINE tINVERTS THE UPPER LEFT-HAND *** ****
c ****** CORNER OF SYMMETRIC REAL58 MATRIX BY ESCALATOR **♦ ****
c ****** METHOO • B CAN BE A . LINEAR INOEXEOO *** ****
c ****** THE v a r i a b l e s : *** ****
c ****** A .....  MATRIX TO BE INVERTED *** ****
c ****** ft..... INVERSE OF A *** #***
c ****** N..... 01MENSION OF A AND D CIN THIS SUB)** ♦ ***
c ****** NSQ.... DIMENSION OF A AiND B IN CALLING **♦ *♦♦*
c ****** ROUTINE . *** ****
c ****** I.E. ACNDIM^NOIM >9 MORE IMPORTANT ** ****
c ****** THE FIRST DIMENSION. *** ****
c ****** *** ****
c ********************************************************* ****
c ****** ORIGINAL PROGR AMER BILL ROOI **♦ ****
c ****** MODIFIED BY CHARLES STOYER ********
c **************************************************************
C
c 
c
C IMPLICIT RE AL * 8  (A-H,0-Z)

LOGICAL LPRINT*ANSWER 
DIMENSION A C N S Q ) *B(NSQ)
COMMON /KVAL/ KKK 
NOIN = N
WRITE C4 9 100 t ) N » KKK 

1001 FORMATC* DESCAL5 •f2I5»* DEBUG? *>
LPR I N T 28.FALSE*
IF(A<13.EQ.0.0> GO TO 12 
•3 C 1 )-1 • DO/AC 1 >
I»=CN-1) 1 1 « 11 »2

2 N 1=N—1 
1STAPT=0
00 0 K = 11N.M1
1 S T A«r=ISTART+NOIR
K PI= K ♦ t
INDEX28 0
ICOUNT=KP1
'}F=O.DO
DO 4 Is19 K
DCIC0UNT3=0.00
00 3 JMtK

3 B ( I C 0 U N T ) = 3 C I C 0 U N T D * B C I N D E X * , m 4 C I S T A R T * J >  
QF-QF«-BCICOUNTD*ACISTART*I> 
INDEX*IN0EX*N0IM

4 ICOUNT-ICOUNT+NDIN 
BETA * ACIC0UNT3 - QF 
IFCBETA.EQ.0«0) GO TO 13
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5

6

7

9
11

100?
12
13

1000

8ETA=1.D0/CBETA>
IN0EX=0 
ICOUNT-KP1 
DO 6  I® I, K 
TERN=BETA*8<ICOUNT>
JC QIJNT =KP1 
DO 5 J = 1 * K
P»C INDEX*J)=3<INDEX*J)*TERH*B(JCOUNT3
JC OUN T = JC OUNT*NO T M
B< 1ST ART*I3=-TERM
INDEX=INOEX*NDIW
ICOUNT® TCOUNT+NDIN
ICOUNT =K P 1
DO 7 1=1,K
B C I C O U N T 3=3CISTART*1)
ICOUNT®ICOUNT*NDIM 
8 CICOUNT)=BETA 
CONTINUE
IFCLPRINT3 WRT T E C 4 ,10023 8 
FOR NATC1H ,/,(lH ,7CIPE11•2)33
RETURN 
ICOUNT = I
WRITF C 4 , I 0003 ICOUNT
FORWATC STOP ATTEMPT TO DIVOE 37 ZERO IN DESCALS ICOUNT®
! 1103 
STOP 
END
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C
C
c
c
c
c
c
c
c
c
c
c
c
c
c

*** 
*** 
*** 
*** 
*** 
*** 
*** 
*♦♦ 
*** 
*** 
***
***
*** 
* * *  

c * * *  
c * * *
c
c

SUBROUTINE DERIVCFUERA3 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*♦*
***
***
***
***
**♦
***
*♦*
***
*♦* 
♦ *♦ 
***

SUBROUTINE OERIV 
THIS SUBROUTINE CALCULATES THE MATRIX OF DERI- 
VATIES "A" ;

- USES FINITE DIFFERENCES
- WORKS IN LOG DOMAIN CPARAM.SDATA3
- THE DIFFCRENT RANGE OF TIME IS SOLVED 

BY A CUTTING EFFECT FROM IMIN TO IM«X
- IF THE POINT OF DERIV IS CLOSE TO THE 

CORNER OF THE CATALOG THE INCREM FOR 
THF DERIV WILL BE TAKEN IN DIRECTION 
OF THE CATALOG.

*****
*****
*****
*****
*****
*****
*****
* * * * *
* * ***
*****
* * * * *
*****
* * * * *

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*** PROGRAMER •JUAN CARLOS R O DRIGUEZ.<19783*****
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PARAMETER M N A = 2 0 0 ,N P T = 4 0 ,NPAR®5 
LOGICAL F U E R A ,RTPLT
COMMON / R LOCK 1 / OBSCNPT 3 *TCNPT3 #PCNPAR3 ,DCALCCNPT)* 
ACMNA3 ,IMAX ,IMIN,M N A i •N P T 1,N P A R t •RTPLT 
DIMENSION BCMNA),CINCCNPT3

FPS®0.1

DO 25 T = I ♦N P A R 1 
PX=P< 13 
ID®0 
SIGN = I•

15 CONTINUE
IFCID.EQ.13 WRITE(4,1243 
IFCID.GT.13 W R I T E C 4 ,1253 
IFCID.GT.13 RETURN 
10=10*1 
PINC=P(I3*EPS 
PINC=PINC*SIGN 
P<I)=P<I3*PINC 
FUERA®.FALSE.
CALL CALCCClNCtT,NPT1til,I2,P*NPAR1,FUERA3 
IFCFUCRA3 SIGN®— 2•
IFCPUERA3 GO TO 15 

C FOR CHECKING PURPOSES 
C W R I T E C 1 5 . 1003 It»I2fP
100 F O R M A T C 1 X » 2 0 X , *MODEL OF C U R V E ' t / l O X , 2 < 12.5 X 3 f/ t20X t 5 < F , 10X33

IFCIMAX.GT.I23 IMAX®I2 
tp (IMIN.L T . I I 3 IMIN = I1 
DO 20 J ® 1 » NP T1

IJ=CJ-13*NPAR1*I
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F1=0CALCCJ>
F2=CINCCJ>
D=F2-F1
0=0*SIGN

C 8Crj>*CF2-Fl)/PTMC
3<IJ ) = D * 2 4 . 15885793 

C WRITEC15,105>F1,F? tO»B(lJ)
105 F0RMATC1X,10X,4F)

20 CONTINUE
P C O = P K

25 CONTINUE
124 FQRNAT(IXt/,lX,'****PRORLEMS OUE TO CATALOG LIM ITATIQNS 't

£ 'WHEN CALCULATING DERIVATIVE M A T R I X * * * * '•/*1X , '** THE P P O G R A M '» 
£ ' WTLL TR7 WITH OPPOSITE INCREMENTATION*#')

125 FORMATC1X#'***THE VALUE IS STILL OUT OF THE CATALOG***',
£ / ,1X,'***THE PROGRAM WILL STOP THE ITERATIONS ***')

C NOW THERE WILL BE A READJUST OF THE "A" MATRIX ,CUTTING IT FROM 
C THE ROW 0 IM IN— 1 AND FROM IMAX TO THE NPTi 
C THF REMAINING ¥ OF ROWS WILL BE:
C IMAX— IMIN *1 = IRE
C AND THE # OF ELEMENTS:
C # ELEM.s IRE*NP AR1
C
C
C FOR TESTING THE "CUTTING EFFECT"

KMAX=CIMAX-IMTN*l)*NPARl 
C THE NUMBER OF ELEMENTS THAT WF OISTROY AT THE FRONT PART 

IDIS=CIMIN— l)*NPARi 
DO 40 1=1,KMAX

K=I+IOIS 
ACI)=BCK>

40 CONTINUE
C

RETURN
END
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C ****** SUBROUTINE TRACE
C ******
C ****** THIS SUBROUTINE CALCULATES THE TRACE CSUM OF 
C ****** THE ftTAGONAL ELEMENTS) * OF A SQUARE MATRIX 
C ****** «ACN)"* •
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE T R A C E C A •N , T R C E >
OI*ENSION A(NI 
X=N
TRCE=0.0
M1=SQRT<X>
00 20 1=1,Ml

INO£X=Ct-i)*Ml*I
TRCE=TRCE*ACINDEX>

2 1  CONTINUE
RETURN 
ENO
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SUBROUTINE MAXMINCA,N»AMIN#AMAX)C ******************************************************* 
C ***** SUBROUTINE MAMIN *
C ***** THIS SUBROUTINE CALCULATES THE MAXINUN AND *
C ***** MINIWUN VALUES OF A CERTAIN VECTOR. ♦
C ***** THE VALUE OF CERO WILL NOT BE STUDIED *
C ***** CTHIS DETAIL CAN BE MOOIFIEO) *
C ***** JUAN CARLOS MARCH 1978 *
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C 
C

DIMENSION ACN)

AMIN = AC1> 
AMAX - AC 1)

1-«IIof\loo

9 N
IF C AC I) • EQ. 0.0 ) GO TO 20
IF C AC I) .GT. AMAX ) AMAX = ACT)
IF C ACT) .LT. AMIN ) AMIN = ACT)

20 CONTINUE
RETURN 
END
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100
110

PROGRAM GFACT.F4 
THIS PROGRAM READS IN THE DATA OF THE TOEM 
RESPONSE OF THE EARTH FOR THE LOOP-WIRE CONFIG. 

♦ANO COMPUTES THE APPARENT RESISTIVITY CURVES 
WITH THE NEAR-ZONE FORMULATION.

INPUT d a t a :
NPT ........ . NUMBER OF OIGIT.POINTS
DELT .........  SAMPLE INTERVAL (SEC.)
T C E R O ........ FIRST SAMPLE LOC. (SEC.)
SENS  .......SENSITYVITY OF THE RECORD.EQUIP.
SCALV ........  SCALE FACTOR CREC.EQUl.C OIGT.)

R ......... . OFFSET DIST. (TRAS.-REC.) (M.)
S * ........ . AREA OF LOOP (SQR. KMTS)
A B ............ LENGTH OF TRASM. (M.)
XI ............  INPJT CURRENT (AMP.)
V(I) .........  RECORDED VOLTAJES (MVOL.)

OUTPUT FILES:
FOR 15 .DAT .......H I S  WILL BE THE INPUT OF THE

INPUT OF THE INVERSION PROGRAM#
IT WILL CONTAIN NUMBER OF SAMPLES# 
TIME VECTOR# AND APPARENT RES VECTOR 
(IN LOG DOMAIN)

 . L P T ......... THIS FILE WILL CONTAIN THE
PLOTS OF INPUT DATA# THE PLOT OF APP. 
RES. DATA# ANO COORESPNOENT VALUES 
ALSO WILL GIVE THE ESTIATION OF 
S (LONG.COND.) AND H (H1»H2)

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
JUAN CARLOS MARCH 1978 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REAL LT»LRHO
DIMENSION TC50)#RHOC50)#VC50)»LRHO(50),LT(50) 
DOUBLE PRECISION FILIN* X

WRITECA #100)
F O R M A T O X # ' E N T E R  THE INPUT FILENAME '• $ ) 
ACCEPT 110 #FILIN 
FORMAT! AlO)

C

OPEN (UNIT*12 #F I L E * ' F I L I N ' # ACC E S S * ' S F Q I N ' #M O D E * 'ASCII') 
OPEN(UNIT=lS#FILE*'FORlS.DAT'#ACCESS*'SEQOUT'#MODE*'ASCII') 
OPEN(UNIT*06#FILE*'FORO6.DAT'# ACCESS*'SEQOUT'#MODE*'ASCII')
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C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c ****** r e a d  t h e  i n p u t  d a t a  ********
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

R E A O C 12,201) NPT,DELT,TCERO,SENS,SCALV 
WRITEC4,20l) NPT,OELT,TCFRQ,SENS,SCALV 
REAO(12,203) R,S,AB,XI 
H R I T E C 4 ,203) R,S,AB,XI 
READ(12*2 0 2 ) ( V ( D , T  = 1*NPT ) 
W R I T E C 4 , 2 0 2 > ( V C D , T  = 1,NPT)

201 FORMAT C I , 4F)
202 FORMA T( IX,11F7.0)
203 FORMAT ( 5F)

C ************************** ************************************ 
c ******* PREPARE THE OUTPUT FILE ********
C **************************************************************

W R I T E C 6 , 301)
WRITEC6,3 02)R,S,A3,XI

301 FORMATCIX,ZZ,20X,'QUTPUT FILE OF G F A C T . F 4 *,ZZ)
302 F 0 R M A T C 1 X , 1 0 * , 'OFFSET OISTANCE % F 7 . 1  ,9X,'LOOP AREA ',F7.3,/,

£ 1 4 X , #A8 DISTANCE ',F7.1,9X,'CURRENT INTENSITY % F 7 . 3 )
303 FORMATC1X,Z,20X,'INPUT DATA C TRANSIENT) ',Z)
30% F0RMAT(1X,ZZ,20X,'TIME ANO APPARENT RESISTIVITY VALUES')
305 F0RMATC1X,//,20X,•’APPARENT RESISTIVITY CURVE (LOG-LOG)')
306 FORMATCIX,Z,25X,'INPUT DATA (VALUES) ',Z>
310 FORMATC25X,2CF10.4,5X))

C CRFATE THE TIME VECTOR FOR PLOTTING PURPOSES.

00 20 1=1,NPT 
XX=I-1
TCI)=TCERO*XX*OELT
V C D  = VCI) * SENS Z SCALV
V C D  = A8S C V C D )

20 CONTINUE

WRITEC6,306)

00 25 I - 1 1 NPT 
25 WRI TEC6, 310) T C I ) , V C D

ICHAR=1H*

C CALL THE PLOT TO PRINT THE OATA
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CALL PL0T1PCT»V,NPT,ICHAR,0,0,0,0,1)

C PRINT THE PLOT IN THE OUTPUT FILE F0R6*DAT 
WRITEC6,3033 
CALL PLOTPRC 63

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C ****** CALCULATE THE GEOMETRIC FACTORCNEAR ZONE3 ********
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

W R I T E C 6 , 304 3

E X a Q . 666666667 
P a 1m666666667 
X -A8 * R * XI * S 
x a X ** EX
X * X * 0•39325378 * 0.00001 

K = 0
IF C TC13 *LT• 0*05 3 K = 1 
IF C VC 13 .LT. !• ) K = 1 
NN a NPT - K 
WRITEC15,2013 NN 
DO 30 I a x » NN

XT a I * K - I 
T C13 a OELT * XT ♦ TCERO 
A a VCI + K 3 ** EX 
B a rct3 ♦ ♦ P 
RHOCI3 a x / B / A 
LRHOCI3 a AL0G10C RH0CI3 3 
L T C 13 = ALOGiOC TCI3 3
WRITE C15,3 i 0 3 TCI3,LRHOCI3 
WRITE C6 , 310 ) T C 1 3, R H O ( 13

30 CONTINUE

C PLOT THE CURVE OF APP.RES IN BILOGARITMIC PAPER

CALL PLOT IP CLT,LRHO,NN,ICH AR,0,0,0,0,13
WRITEC6,3053
CALL PL0TPRC63

C ******************************************************** 
C ****** DETERMINE THE VALUES OF SCLONG*COND*3 ANO ♦♦
C ****** H CH1*H23 BASEO IN THE LOCATION OF THE MINIMUM ** 
C ****** OF THE CURVE* CTHIS FORMULA IS VALIO ONLY FOR ♦* 
C ****** THE TYPE OF GEOELECTRICAL SECTI0NS3 **
C ****** MORE INFORM. IN T3EM NEAR-ZONE BY A.A.KAUFMAN ** 
C ****** C19773 *♦
C ********************************************************
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C NEXT STEPS TO FIND THE MINIMUN OF THE APPARENT RESISTIVITY 
C CURVE

CALL MINIMCRHO* NN *RMIN,NMIN>

TMTN = T(NMIN>
TIME C ORRESPONDENT TO THE MINIMUN VALUF

YN = 0.0
YN = 6.2831853 * TM IN
XN = YN / RMIN
XN = SORT ( XN >
S = 497.2 * XN
A = RMIN ♦ * 2
A = A / YN
H = A ♦ S ** 3 * 4.9 / 1000000.

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ******
c ******* WRITE THE VALUES OF * S * ANO *H* FOR A POSSIBLE ******** 
C ******* FIRST GUESS ESTIMATION* ********
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C IN THE FUTURE IT WILL BE POSSIBLE TO GIVE THE FIRST GUESS

WRITE<6*400>
WRITEC6#40I) S* H

400 FORMAT< / / / *20X*'APPROXIMATION VALUES OF BY MINIMUM LOCATION*}
401 FORMATC / 25X* •’LONGITUDINAL CONDUCTANCE '*6X*F7.2,

£ /* POX*'THICKNESS OF FIRST AND SECOND LAYER * F7.23

STOP
END
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SUBROUTINE NINTH C A »N » AMIN*NMIN >
C ****♦♦*♦*********♦*******#♦♦******♦******♦**♦*#*************♦♦
c ****** THIS SUBROUTINE CALCULATES THE NINIHUN OF ********
C ****** A SET OF DATA STORED IN AN ARRAf ACN>. ********
C ****** AMIN MINI HUN OF AC N)AND NNIN ITS LOCATION ********
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

DIMENSION ACN>
AMIN * AC 1)
NMIN = 1

DO TO I* I » N

IF C AMIN .GT. AC I ) > AMIN * ACI> 
IF C AMIN .GT* AC I ) ) NMIN * £

30 CONTINUE

RETURN
END
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