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ABSTRACT

Thedretical expressions for the electromagnetic field
components are-computed fast and accurately by using linear’
filter theory. 1In this paper a computer program is developed
~to numerically evaluate.the electrcmaqnetic field comnonents
(E., B, Eé anchz)rfor a current dipole source over a lay-

Y%
ered earth.

Scaled H and E (E = sin(z8)Ex- cos(ze)F ) field
'combonent curves 81mollfy cataloq curve matchlnq by elimin-
ating thevcurve dependence on 8, I and ds. A sample catalog
for the H, component is given in Appendix A. '

A least-squares curve fitting procedure is developed to
aid in the interpretation of electromagnetic sounding data.
This procedure is teéted on two and three layer theoretical
sounding curves; Results of these tests can be summarized
as follows: _

(1) For the two layer case convergence of the layered
earth parameters (resistivity and thickness) is accurate
to within ten percent.

(2) Three layer curve fitting, with four or more
parameters, requires a good first gquess to insure convergence.
The first guess curve should be within twenty percent of the

actual field component values.
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INTRODUCTION

The objective of controlled-source electromagnetic
sounding is to obtain an accurate representation of the
Subsurface geology. This goal can he achieved by mathe-
matical modeling (Keller and Frischknecht, 1966, Keller,
1968, Frischknecht, 1967, Vanyan, 1965, Pritchard, 1971,
Sinha and Bhattacharyya, 1967, Wait, 1966, and others).

Recent advanceé in numerical techniques have made
possible the solution of practical mathematical models.
Since these models can only approximate the real geologic
situation the interpreter must make use of all auxiliary
information at his disposal. This;information may come
from knowledge of the geology of a given area, well data,
‘or other geophysical data.

One of the more useful models is that for a horizon-
tally'layered’earth where each layer is represented by an
electrical resistivity and a layer thickness. This approach
ié'basically the same as the "apparent resistivity" approach
described for.electromagnetic sounding data by Vanyan (1967)
and for direct-current elecﬁrical sounding data by Crous
(1971). The layered earth model is applicabhle to many geol-
ogical problems (e.g;'layering ih a sedimentary basement,
determination of depths and thicknesses of oil shale and
tar sand formations, determination of highly resistant wave
guides, etc.). Digital'linea: fii&er theory (Ghosh, 1971)
provides a rapid technique for computing theoretical elec-
tromagnetic sounding curves based on the layered earth model.

Model-based direct interpretation can be achieved by
one of the following techniques.

| 1. Catalog Interpretation - the observed sounding
cdrve is cdﬁpéred to a'catéloq of theoretical curves (geo-

logical) parameters are given by the theoretical curves
which matches the observed data),
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2. "cCut and Try" Internretation - model parameters are

repeatedly adjusted and new models are generated until the
theo}etical curve which matches the observed data is found,
and

3. Automatic Interpretation - first gquess parameters

are iteratively adjusted according to some statistical
criteria until the theoretical curve matches the ohserved
data. This paper uses a modification of the basic least-
squares criterion to develop an automated interpretation
schenme. '

The purpose of this paper is to develop a computer
oriented interpretation technique for electromagnetic sound-
ing data. A layered earth model is assumed to fit the geo-
logical conditions represented by the sounding data.
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ELECTROMAGNETIC FIELD COMPONENTS

Figure l_illuStratés the theoretical model considered
in this paper. The source is a horizontal current dipole.
The model is a horizontally stratified isotropic medium,

where ()‘ andlh- represent the electrical resistivity and

thickness of the i-th layer. Although the following discussion
considers an N-layered earth the interpretation scheme
based on this model assumes a maximum of three layers.

The computer programs developed in this paper can easily be

Following Wait's development (1966) the fields vary
according to - The free-space wave number is assumed
to be eQual to zero. The vertical magnetic field component

and the horizontal electric field components are expressed

as-

Hy=I Me/:(u&o\))l(wi)a/a (2.1)

g,
Ey '“'“-IL-IéTé’% Xzﬁj(/ RN ToOvr) o »

+ 0T -m’*e%%z[—__&_z_ +2Z,0) -(X+u; /j",(k))
4TI ( o PN A

+(/+R1(>~))]T;(M)d2~ + (Z%LQZ_Q)/A[_ Y2, g)z_é(/\)
, A ‘
L .

QPR 4 (14 R,;(a))]:!j(m)_dz (2.2)
% |
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Figure 1. Theoretical model.
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andE [44_‘:'“_(._)/ [ +Z~Z>~
411 | 9,

- (X uPR N 4 () +RL(>\))]~T0(M) A A +Me)j;[~_>_’,,
| A T L X

22,(3) - (M s R + (74 /Ql(k))]j:()sll)dk (2.3
A e 7\2 /

Variables in these equations are defined as follows:

elr- resistivity of the first A = dummy variable of
T layer ' integration,
o= zeroth order Bessel functlon, dé' = source dipole length,
J, = first-order Bessel functlon, Y th
m = Dl layer wave number
T = current into source dipole, (j/',u)c" ),‘ and
uw?
TR R

Rx()‘) and Z,.(x)‘ar'e correction factors which account for the

effect of layering on the electromagnetic fields. The

recursive expressions used for solving Rx.()‘) and Z,(k) are

written as follows:

R (M= No-Y (24)  where Ny A
No + Y’ o ’/‘o

N Yoo & N tond (44 ) N = U ziz, W
Nm + YMNM<(A —‘,-) jﬂ"d

y<
1

and - u,.."
YN B -3'/'0\9

2 K Zmwr + K G (uh) ,
Z fa S S SRR T (2.5)

where K. =Un (’,... ym=42,...,¥  and z'. U, @,

The electric field components can be comb:med so ‘that
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E Am(ze)E Coc(aG)Ey Iaaem(za)j
477 0

) - (1 + R*(x))]J:(VQd"‘ (2.6)

o0

Y2 (1 + R,(»)

+ 7\2 __-_L+(’)\ s URR.(WD) -2 Z,(x
b P N

Combining Ex and Ey in this manner simplifies numerical

evaluation and minimizes computational error.
To insure convergence of the integrals in equations

(2.1),(2.2),(2.3), and (2.6) homogenous half-space expressions

(assuming a resistivity of Q ) are subtracted from the
I

integrand. The closed-form expressions for a homogenous

hélf-épace are then added to the resulting integration.

The final compﬁtational form for the field components then

becomes:

Ex——IoAY €j[R(x) A4 ]I(Xﬂ)a/,\
S oo 5[5 (24)- 5 [Re08)
+ R (N~ "5\:"#&] T, da +ggf_((3_e)/:[_§\_ (g_e(})_u)
+(z- )(R (x)—l u. ]J'(x/z)d/\

+ Iaﬁa? [(Bwqe -2) + (}+Yﬂ)(f ]'(2.7)
2mrn¥ '

Al \- L ,“:‘ [ TN
COLORAL®  LICOL of MINES
GOLDE:., oS ORADO 80400
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£, - ETIT?/& -M‘”’)f;[%(%&) ) u)
+ (’ - —-t,)(R (»- | )]T()\ﬂ)dk +,M_o)/ [_&(Z(l) O

- (r- __L)(Rm e ‘)]T(Mt)d;ur 30,1k omocme X))

E 9144» M(ze)[/[ )\ u -R (x))n(u 4_3.?(_’9) .T(M)OU‘
+

. -
+_/_(’_.3[—-2L +-(/+Y,ﬂ)6 ﬂ} (2.9)
and H3 :1;,2# M(e){é‘/oo;\[ki(k) - l'uc]I(Xﬂ)//\

N+U,

: o z,z.,_)/,ﬂ_ . ‘
+7!‘7c_"' [3—(3+3.Y,/1-+ Y, /l,)é :U (Z.IO)

;Tdféid gomputétionsithe following substitutions are
made in equaﬁlons (2.7), (2.8),(2.9), and (2.10):
A= % K o DM =z 2/{... B :=_r
ZT § t a .
_\./:.:. Nlu.rc. $=__%v, and V. j{-ZJK

Equations (2.7), (2.8) (2.9), and(2.10) are then written

£c= I,[M.zef )’ V(F/) o J:(B |
s g3+V)(§+VF) h%} A

+ T @ M@f?{ [(/+,7>8 +]C'(H } (2.11)

21T{'13
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‘ -J/«.wzoa/cm 9]3[ V(L -1) +(;,V;¢<;73-(;:3) ]70(33)043

-_L[(ZSQV(/ F) TG8)d - __(_;g)/[v(z )

+VF)(3+V) *93

I e

LyssLowid __ﬁ—ej;wt 1) #U(E) 1T (3B)d
3*V)(3+VF)

+,do-(ze) Vi(L-1)+2v(1-F) | J,(
/‘?[; )+(3+v)(g+vr) > JB)‘?

+ 30 T Aimocrae (2.13)
21T

H};Iaéa,ame/gq v.(/-F) 3'(38)4'3

2ms’ +V)(3+VFO
_(49)B

;_u@_u»_«_{3 (3+3<l+;)B+238)€ } (2.14)

qdrr Y

L} and F; are solved recursively, start:.ng with the last
layer and working upward, using

Va0
F,; = v 0|Vvao; + v </+6‘V~ ) . where F‘N=1
’ . ‘ : /- €- = Von O
VM + vﬂ\.-ﬂ E\\O I +c Vmo‘)
/. Cw.n.) ,
and L = m 4 ,-w: .-wo+€ V. /+e where L,,‘, =1.

- Ve Do
| Q V.. (’ \/'/'WL '(/-C Y
~ay ™ + | - e-K-D
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COMPUTATIQN OF THE ELECTROMAGNETIC FIELD COMPONENTS

Numerical Procedure

Computation of the integrals in equations (2.11),
(2.12),(2.13), and (2.14) is carried out using the linear-
digital-filter approach explained by Ghosh (1971). This
technique isesuperior~to other methods (e.g. spline
integration (Vanyan, 1967 ), Gaussian quadrature (Anderson,
1973)) in its computational speed and ease of application.
Linear filter intégration yields about four significant
flgures of accuracy (Anderson, 1973).

The basxs for linear filter integration is the samp-
vlihg theorem. This theorem states that a function f(y)

can be reconstructed by replacing each of the sampled

values (y=a) by -0)
foy - f(a) Aim g‘?%g (30N
265)

The function f(y) 1s equal to. the lnflnlte sum of the sxnc-

function welghted by f(a) (f(y) 1Jﬁl§:f(a )sxnc(y))

The error involved in using this approximation is optimized
when y='i§él9l‘ (Koeford and others, 1972). This sample
~interval is used throughout the remainder of this paper.
Substituting x=1ln(B) and y—ln(g) into equations (2.11),

(2.12), (2.13), and (2.14) yields

E ‘Ialderw(ze X[E(e,.\, M,j)c (exﬂ)ié,
o 4mé

: . ) B
+M)[ ((/+J)B+/ 6-(!1

]

21T 3
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g7

E =g lda © / Qf[x,((’m M,y)(f Iex)agf
-+ f Fale 4.9 € T (") e A;S(e.,l.,j)e T )xg}

-
217/13 /ﬁme -2] + [’*(’*7)3]5 j} (33)

Fy=dzenlasc 1/ Xy Ey (0t TV

4717

+,4ng.a92 ((L.Z 9 € J‘(c"”)ofof}+ o tinocrag,(3-4)
2§

z'n'/t’
(o]

ana H:Ia{.gmag H(&x eI &4
I Znse

;)B

- ?jra@_s:,oaa [3 (3+3(1+4)B +24B*)C },(35)
e

where e e, vl
s E (B Ley) S ((e WE)etv) 8T

H(o hoy)= € v(/ ) Gl 4 )-2e”v(-F) |
i (e vE)ethv) ewnEsv)

~ = / /.') .
E oyl doy) = g% (- )+(.2€,\;+(JF)(G 3’

E‘x‘,(,e'A,l;,g)'=C"Ey_,(€~,,,‘ s By, 4 y) b (Be, Ay 9),
Exs (€, 4uryg) = £4(0n 4o, 9).

HRIFR TR :_"_f‘
COLCRZDC ¢ ;¢
GOLDEN, COLOAAD
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Equations (3.2), (3.3), (3.4), and (3.5) are in the form
of convolution integrals. |
If we let E(e ,h_,y)= input function,
(x Y) o (e (x= y))_ filter function, and apply the sampling
theorem so that'E((t,h“,y)= E(ai)sinc(y),-We obtain the
relation

E( Auy)= T b tn(ze)C ZE(a M()Cw:g(e’} @6
e d 477§ 7 4

Equation (3.6) can now be put into the following form:

£o= I € tincze) € Z E(a) Cly) (3.7
qms

where c(yi) = sinc(x) exJo(x) and ai=e

—(X’Yi)_ c(yi) is
called the sinc-response of the filter function. The
sinc-response is computed and stored as data in the computer
program which calculates the field components.

Using the identity / J’(jB)a?

o Va* + B*

and substltutlng X= ln(B) ‘and y= ln(g) the following integral:

[ e (c"")} 4L (59

cs«f‘lve 0. 48
where "3a" can be anyAconstant. Frqm equations (3.9) it

(3.8)

is obtained

follows that

[[C ] {6 J'(C”)}aff = 776__?‘ (3.10)
/+ ’

The sxnc~response lS now found using the expression

Sinc - response = §Z ] [@(S:nc) '4 ('Ovt pvt fuqn‘w)](sn

'h puvt function

where denotes the fourier transform operator and the

- inverse fourier transform operator, ' denotes the input

e—-Ze_'y

. - y .
function equal to e™® ~ - , and the output function
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is equal to e - e .

Computations to obtain values for E_ are carried out
in the following manner:

1. abéissa values "yiﬁ are read into the computer and

2..Ec(‘e“,hn) is calculated using the relation

E.(e,2.)= I 240 o (20 e’ 5 E)c;
278 <5 ~(1+5)8

e O i s ] o (3.12)
+ Izdr/frfasM(w) [_ZL (1B +1)E ]

The procedure for calculating'Hz, Ex' and Ey is

similar to the method for calculating E,. Putting H, in

the form of equation (3.7) we obtain

Hyle. £) = Zab ool £ H(4)d

2 K31
> 27§ 5 (148
-{Tahs Aima{'B-(.?-& 3(1+§)B+2487)C } (3.13)
yrra? “ o)
where dk = sinc(x)*'ex‘Ji(x) and bk= e—(xfyk), The sinc-

response for H, is calculated in the same manner as the E

sinc—réspohse ‘except that the identity

€ T (q8)
fﬂ 98) o - f%‘_"”m)"‘/z

is used instead of equatlon (3.8).

Using the procedure developed for E_ and H, (ze:oth
and first order Hankel transforms) the final computational
form for equations (3.3) and (3.4) becomes:

E, (e.., A) =gl e = Futan €y

4';31:

- % Z Ere(aC(YD - crs a0 7 Lys () d(y;)f
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_(1+3)8

+ I & P, {A[S-w’e-z_] +[/+(/+,')B]é‘ f) (3.79)

21T 3

[(emx)— 14401 [___.c_e) 7 Eul4) diyy)
d ” )} qﬂ' /L Lo TR URS

_____J__Q.) Z [ (a)C(g,)f + 30Tt 40 cove (315)

'+x

213
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Computer Program for Calculating the Electromagnetic

Field Components

A Fortran computer program to numerically calculate
the equations for the electromagnetic field components is
given in Appendix B.' The program is called EMFWD. It

computes Ex' E , Ec;vand Hz using the'numerical technique

Y
described in the previous section.

The results df this program are in agreement with
results obtained by Anderson (1973). Figure 2 is a com-

parison of EMFWD results and results obtained by Anderson.

parameter EMFWD results | Anderson's results
S;t E, -;8296x10-13—j;l632x10_12 -.8291x10 13-3.1633x10”
E, .;310319:ii+j.254sx10:i§ .1312x10:ii+j.2548x10:
H, .1075x10 " "-3.5272x10 .1075x10 ~-3j.5266x10
B E, -.9804x10'1°-j;1987x10‘1° -.9811x10’1°—j.1988x10'
E, 51570310:;Z+jf3135310_;: .1570x10:;z+j.3134x10:
_Héf: ,‘6397¥;0é12%jf39;§x;0_12 .639ax10-12—j.3019x10_
c E, —.31?0310é12—jf5761x10_12 -.3190x10_12-j.5764x10_
E, .499?x10-12fj.9027x10—12 .5002x10-12+j.9026x10_
H, .7590x10 -3 .4212x10 .7591x10 ~“-3.4210x10°

parameter values:

set A; r=50000, frequency=1 hertz,Q.=lOQﬂ-n,-?z=1nnn~, hl= 1000
set B; r=10000, frequency=1 hertz, €, =1004-m, ¢, =1na-m , hi= 1000
set C; r=50000, frequency=1 hertz, @ =100a-w, £ =la-m, h, 1000

for all sets I d4=12.566371

r and hl are in meters

Table.l ;'Comparisoh'of EMFWD results with values obtained by
' * Anderson (personal communication, "1973).

12
12
12
10
10
09
12
12
12

Figures 2, 3, and‘4 are examples of computational
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results for the electric field components. Examples for the
magnetic field component are given in Appendix A.

The theoretical sounding curves in figures 2 and 3
approach uhity,étAhigh frequencies. In figure 2 the asym-
ptdtic behavior appeafs:at a relatively low frequency.

This effect is cauéed by the conductive first layer. Com-
parison of figures 3 and 4 indicates that the asymptotic
behavior in figure 3 is caused by a thick first layer.
Checks such as these establish the accuracy of EMFWD results
and the validity of the numerical procedure which it
utilizes.

Computation time for all complex electromagnetic
field components is approximately 1.2 seconds per sample

frequency (using the Colorado School of Mines DEC PDP-10

computer). EMFWD results are accurate to between 3 and 4

significant figures.
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LEAST-SQUARES CURVE FITTING

Theory of Least-Squares Curve Fitting

The object'ive of least squares curve fitting is to
provide the best possible model approximation (?‘») to the
observed data (Y,). This is done by adjusting the parameters
(F”) until ¢ Z[Y Y] is minimized. Y is the independent
variable which is a function of xi (i=1,2,...,n) and
P. (j=1,2,...,k). For the electromagnetic case considered
in this paper ?1 represents the theoretical field components
and Y, represents the observed field components at XyrXgoeees X
frequencies. The parameters "Pj" represent the layer thick-
nesses and layer resistivities.

" The Newton-Géuss least-squares method approximates

the field components using a Taylor series so that

Y(x(,p,‘s) f(x.,P)+Z( ) $¢5 5 (4.1)
3 Fj

A . A
where P = least-squares estimate of P, f(xi)P)z}"- and
St = correction vector to p.

The least-s'quares criterion now becomes

@ - _Z Y, - f(x‘,P). 5/; (4.2)

St is solved by setting ,ﬂ— 0 for all "j" values.

In matrix form the soiutlon 'to the problem becomes

A gt =g (13)
where At P P,
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PES
QFH

and 8(1«0 2; [(Y £ ] (44)

In order to insure convergence with the Newton-Gauss
method the first guess must be linearly close to the proper
solution. The first guess is linearly close to the solution
when the linearized model (equation 4,1) is a good approx-
imation to the actual model.

To circumvgnt this problem Marquardt (1963) uses
scaled‘matrices in the normal equations aﬁd introduces an
adjustment factor,..An, which controls the convergence.
According to the theory which he develops there always
exists a A (at the r-th iteration) such that ¢"+'< ¢n

Following Marquardt's algorithm, the least-squares

normal equatlons at the r-th iteration become

(R"+\"T) §*"- g (4.5

where Z\* =I'(a‘;}-,) = Qi ,
W Qg
97 - 4 = &i
\ :
and

Equation 4.5 is solved for
AAO' “,;

become P = P+ §"

These parameter values are
theoretical points Y which
The iterative procedure is
is considered small enough

considered,

Sw;nd» the new parameter values

' (4.6)
then used to compuﬁe a new set of
are compared to the observed data.
stopped when ;? 
for thé particular problem being
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Marquardt suggests the following procedure be used to find
the proper value of A .

Let V7! ..

Let A‘"’denote the value of A from the previous
iteration. 1Initially let A“%07? say.

Compute @ (x*') and g(X" /).

i. If O < g"  , let A'=N /Y, -
ii. I£ @A) > g™, and @A) < P" , let X=X .
iii. If ¢(7\" V) > g™, and G(XNV")>, @7~ increase A
by successive multlpllcatlon by ¥V until for some
smallest W, g(\"y¥)<@~ Let 7\ Xy,

Application of Least—Squares Curve Fitting

Marquardt's algorithm is applied to electromagnetic
sounding data as follows:

'l. The appropriate theoretical model is chosen. 1In
this paper a horizontally stratified earth is assumed to
approximate the geological situation represented by the
electromagnetic sounding data.

2. A first guess of the parameters is made. The
parameters for a layered earth are electrical\r.esis’tivity
and layer thickness.

3. ¢ is computed

- 4. Equation (4.5) is solved for 5

5. New parameters Pire computed according to
equation (4.6).

6. A new theoretical solution is calculated using the

' parameters ﬁ”'

7. ¢a’1‘.s computed. At this point the computations
are stopped if ¢u1.s considered small enough. If ﬂa“
is not small enough a new A is computed and steps 3 through
7 are repeated '

‘The computer program to apply Marquard’t's algorithm

to geophysical data was orlgmally written by Jorge Parra (1972).

ARVIVTA LAY TiARYRY
TOLORPADO "Cr.lll of MINES
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A modified version of this program, called EMINT, is listed
in Appendix B.

First Guess

MarQuardt's algorithm requires an initial "guess"of
the parameters. Obtaining an accurate first guess is
critical for insuringlfast and accurate convergence of the
‘algorithm. A first guess can be obtained by catalog curve
matching, by empirical "rules-of-thumb", or by using
available geologic information.

Using the theoretical curves generated by EMFWD the
following generalizations can be made concerning two and
three layer curves::

(1) For a resistive first layer both the two and three
layer ,‘Fj, curves increase positively with increasing
frequency. This effect becomes negligible for large first
layer thicknesses. Figures (A-2) and (A-11l) illustrate this
behavior. U

(2) For a conductive first layer }71§J is equal to one
at high frequencies. Figure (A-3) is an example of this
condition.
(3) The ratlo ’F?, for two and three layer curves is
generally ‘less than one at low frequencies for a resistive
first layer and greater than one at low frequencies for a

conductive first layer. See figures (A-1) and (A-12).
(4) Amplitude curves for the scaled electric field

component approachs unity at high frequencies when the first
layer is conductive. A thick resistive first layer will
glve the same effect. See flgures 3 and 4 .

(4) At low frequenc1es the amplitude of the scaled

electrzc fleld curves are 1ess than unity for a resistive
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first layer and‘greatetnthan unity when the first layer is
conductive. Figures (2.3), (2.4), and (2.5) illustrate this.
These rules alone are not sufficient to obtain an
accurate first guess. A first guess made using these rules
- should be checked either with a curve catalog or with a
test curVé“gensrated by EMFWD (Appendix B).
Appendix A contains a variety of two and three layer
scaled Hz sounding curves. This catalog is by no means
complete but it can serve to aid in obtaining a first guess.

A major advantage of using scaled H field components

,(u)
Hy = [H(M e e DL +otmo[3-(3+30+9B+48C j
Hg,(f) : [3 (3-*3(‘*3)34_ Zj B)e-(lq)B] (4.7)

can be seen in their lack of dependence on the direction

~angle ©, the source current I , and the depole leng_thda .

This simplification reduces the number of catalog curves

required to make a first guess. Scaled E components

have this same property. The scaled E components can be

written in the form

[ _(4+J)3

_E_c_ = 7% A E((L~ j,,,y)e J(c“ "),4 +-—-{-— [(w)BH

E(e) (4.8)

_,_ { s +[(1+3)B +IJC'(“3)6}

Least-Squares Examples.

Five examples (figures 5, 6, 7, 8 and 9 are
shown to illustrate the results of leastwsqua:es curve fitting.
The’tho'layer examples show a resistive first layer overlaying
a conductive basement while the three layer examples illustrate

a resistive bed betwsen-two conductive beds,
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Figure 5 shows a two layer example for the amplitude
of H,. fz is fixed laeaving only two variable parameters.
Although it is not necessary to fix any parameters convergence
is enhanced if eithere ernis fixed. 1In this example the
- least-squares procedure was stopped after three iterations.

Table 2 shows the importance of chosing a good initial

‘value for A From this example it appears that a smaller
A will yield a better fit. This,is only true in cases where
the first guess is close to the actual solution. When A =0
Marquardt's algorithm is equivalent to the Newton-Gauss
procedure which will diverge for many cases where the par-

ameters are non-linear.

N g RMS error
0.001 207.45x10” ! 3.38x10” 1!
0.010 214.4ox10‘ll 3.44x10" 1t
0.100 277.70x10" 1! 3.92x10 1t
1. 000 643.40x10" 1 5.96x 10’11
10.000 ~ 1071.30x10” 1! 7.70x10” 11

v ‘ atofﬁbmts ' ,
where gﬁ 2 ( )F » RMS error =V/r %)

Y number of sample points

Table 2 : Effect:of variation of A on the interpretational
error.

’Figures 6 and 7 show a nearly perfect fit for the imag-
1nary part of Hz and the real part of Ey. This fit was obhtained
after six iterations. Table 3 indicates the variation of error
with»respeCt}to the number of'iterations applied to this case.
It is_imﬁossible to estimate the number of iterations which
will yield a good fit for any given case, The following pro-

cedure will help to optimize the number of iterations necessary
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to obtain a good fit.

Run EMINT through three iterations at a time.

i. If @;< @, by more than ten-percent, continue
the iterative procedure.

ii. 1f ¢ <@, by more than ten-percent and P, < @,
by less than ten-percent check the closeness of fit between
the observed data and the calculated values. Stop the it-
erative procedure if the fit is considered adequate. Change
Aor the first guess if the fit is inadequate.

iii. If @, <@, by less than ten-percent and @, < &,
by less than ten-percent change A or the first guess and

continue the iterative procedure.

Iteration ﬂZL_ RMS error' (ohm-m) (meters)
3 306.3x10" 1% 10.1x107%° 3.30 726.4
4 182.7x10" 10  2.12x1071° 2.64  823.4
6 49.1x10"1%  2.9x10711 1.68  949.4
Actual parameter values 1.00 1000.0
first guess parameter values 11.00 400.0

Table 3 : Variation of converged parameters and error with
: the number of- iterations.

Table ‘4 indicates how the accuracy of fit ‘is affected
by the number of sample points used for interpretation.
Increasing the number Bf sample points does not necessarily
improve the fit. As.long as fhe curve is adequately defined,
only about three sample points per decade of frequency are
réquiredvfor a,good fit. This:conclusion is based solely

on theoretical results. More points are necessary when
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the data contains geologic or other non-random noise.

Two Layers [ Imag (EJ)
=100m., €,=1.n-m,
=100m., §=5.n-m

Actual parameters. r=10000r.,8=30 ,€ =1002-mh
r=10000m., 8 =30, € =500@m, b}

maximum frequency= 1000hertz

First gquess
minimum frequency= lhertz
all points evenly spaced %

Interpreted parameters

Number of points RMS error

6 1.06x10"*  €=100.020m 0=1.142 m
8 1.13x10°Y  €-100.010m €,-1.145 m
10 1.07x10 Y €-100.010m €=1.137 m
12 1.22x10"Y  @-100.010m €-1.148 m

Three'Layers:}PJZl

Actual parameters r=10000m., 9=30°, e =1.1-m, ei=1000..(2¢m,

€3=1.n-m, hl=100m. ,h2=100m.

r=10000m., € =30°, @, =l.pm O, =1300.a-m,

| Q;s +4-m,h ) =200m. , h,=300m.

First guess
minimum frequency=1 hertz maximum frequency=6000 hertz
all points evenly spaced

Interpreted parameters

Number of points RMS error

- z B
7 : 1.63x10" A=196.2m  A,=134.0m
' fi=1121.59m @, =1.389m
12
13 _l-.86x101 A=196.4m  A;=147.9m
: - €=1126.40m ¢, =1.530m
A =187.4m A,=156.7m

20 1.78x10 »
- € =1177.40m @ =1.1110m

Table 4 : The effect of varying the number of sample
points on the interpretation error and interpreted
parameter values. ‘ ’ '
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Figures 8 and 9 show test results of applying
Marquardt's least-$§uares alQorithm,tQ three layer cases.
For the three layer éase prbper convergence can only occur
when the first guess is reasonably close tb the exact solu-
tion.

Computer time and cost for the least-squares interpre-
tation program can be summarized as follows (cost and time
per sample point):

(1) For H, and Ec two layer cases each itération takes
approximately two seconds ($1.20) while E_ and E, takes
fouf seconds ($2.40) of computer time.

(2) For Hz and Ec three layer cases each iteration

takes approximately three seconds ($1.80) while By and'Ey

takes five seconds ($3.00) of computer time.

30
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S iterations
'2_0 points
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IHZI

10

10°

_actual. first guess. final mti

©6=30 ©=30 ©=30
| r=10000 r=10000 r=10000

€=1_ 0=1 €=1

h=10 h=200 =187

€=1000  €=1300 =1177

h=100 h=300 h=157

Q3:1 \ %:5l 93=1,1 .

1 : 10 100 - freq(hz)

FlgureB Three lcyeMHl least squares-curve fit.
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" 5 iterations {10
14.p0int5 KN
actual: first guess. final int.
0=30 8=30 0=30
- r=10000 r=10000 r=10000
Q=1 Q=1 01 1°
h =100 h,= 200 h,=180
;1000  R=1300 - RF1270
h2= 1 OO h3‘_= 300 N ‘hg'-* 240
€3= 1 Qsz 5 €3= 6 9
1 10 | 100 freq (hz)

;_ Figurégi Three loyerlEi_leoshsqucre_s curve fit.
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CONCLUSIONS

Marquardt‘s'algorithm for least-squares curve fitting
provides a good method for interpreting electromagnetic
sounding data. The theoretical expressions for the electro-
magnetic field components can be evaluated numerically by
making the proper substitution of variables in the integral
expressions and applying principles of linear filter theory
to the resulting-integrals. ’

Test results of épplying Marquardt's algorithm to
electromagnetic sounding data can be summarized as follows:

(1) For the two layer case convergence of the laYered
earth parameters is generally fast and accurate. Convergence
of the layered earth parameters ( resistivity and thickness)
is accurate to within-tenepercent.‘ Convergence is enhanced
by fixing either the first 1ayér resistivity - or the first
layer thickness.

(2) Three layer curve fitting,- w1th four or more
parameters, requlres a good flrst guess to insure convergence,
Parameter conVergence is generally slower for the three layer
case than for the two layer case.

Scaled H; field component curves (Appendix A ) can
simplify catalog curve matching'by eliminating the curves
dependendélone, I, and.&,» Similarity, scaling E. ( which
is a mathmatlcal combination of E and E ) simplifies catalog
1nterpretat10n for the Ey and Ey componcnts of the electrlc
field. These modifications of the field components can
enhaﬁce the ability of the interpreter to obtain a good first
guess. A

The overall least-squares computer program is too
expensive to operate on a commercial basis. For H, and Ec
two layer cases, each iteration takes approximately two
seconds per sample point, while for E, and Ey each iteration
consumes four seconds of computer time per sample point.
Computation time cah be reduced by calculating the partial

‘derivatives of the layered-earth parameters in closed form.

ARTHUQLAKFSTIBRARY

COLCRADO ¢ SCHOC
N Ol of MINE
GOUX%ICOLORADOE@MHS
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 Eurther'computer time could be,saﬁed by using separate

computer programs to individually fit each field component.
ReQérdless»of howr"automated" an interpretation
scheme may be, meaningful results still require good judge-
ment on the part of the interpreter; " The geophysicist who
uses the technigue developed in this paper should not lose
sight of the assumptions which are inherent in the method.
The final interpretation of electromagneticxéounding data

must be geologically meaningful .

34
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APPENDIX A

Two and Three Lay«r Scaled Hz Amplitude Curves

35
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The graphs in this section were computed using
Prdgrém EMFWD. They may serve as a guide for a first
guess interpretation. '
Graph symbols:

| amplitude of H_(layered earth model)

H_
H1l ‘ o v
amplitude of Hz ( homogenous half-space)

H_ represents the ordinate values on each graph.
‘H1

R = source receiver seperation

RHO(i) = resistivity of the i-th layer

HP(i) = thickness of the i-th layer

abscissa values= frequency (in hertz)
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APPENDIX B

COMPUTER PROGRALMS
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Chrkrbkkkakkhkhkkkkdkt PRIGRAM EMFWD kkkkkhkkkrhkhukhkkkhkkskEk

THIS PR3IGRAM CALCUWLATES THE VERTICAL H FIELDs THE X-CIMPIVENT
9F THE ELECTRIC FIELD, THE Y~CAVPINENT OdF THE ELECTRIC FIELD,
AND THE CAMBINED 43RIZAINTAL ELECTRIC FIELD CAMPANENTS (EC=
SINC2%«AVGIEX-CASC(2«ANGYEY) F3R A 1,2,8R 3 LAYERED EARTH. THE SQURCE
IS A HARIZANTAL CURRENT DIPILE

FIELDS FAR A 4YOvOGENAUS HALF-SPACE (1 LAYER) vAY BE C3IMPUTED
BY USING A TWd LAYER M2DEL WITH RHOC(2)=RH2(1). M3DELS
FAR MARE THAN THREE LAYERS MAY BE C3VMPUTED SIMPLY BY INCREASING
THE DIMENSIANS 3F THE ARRAYS.

PRIGRAM EMFWD WAS DEVELZPED 3V A DEC PDP-10 CIMPUTER AT THE
C3L3RAD3 SCH39L 3F ﬂlVESo FARTRAN PRZGRAMING LAVGUAGE IS USED
THRAIUGHAUT

tXeXeXeEsRsRe Nz e Xz Re R Rs ke Re Re Re Re e N e

JEFF DANIELS
COLBRADA SCHA2L @F MINES
FEBRUARY 1974

Rkkkrkkkkkkhakkkkekkkkkk VARIABLES #*&ktdkskikkhkikdkkkk

NFWw= THE VUMBER 9F FREQUENCIES T2 BE CALCULATED
R= SAURCE-RECEI VER SEPERATIOY

ANG=ANGLE, IN DEGREES, DEFINING SOURCE-RECEI VER ORI ENTATIAN
FF=FREQUENCY IN HERTZ '

F=ANGULAR FREQUENCY

N= THE VUMBER @F LAYERS

HPCI>= LAYER THICKNESS

RHCI>= LAYER RESISTIVITY

CHCI)= CAEFFICIENTS F3R CALCULATING - THE J1 HANKEL TRANSFJRM
YHCIY= ABSCISSA VALUES F@R CHCI)

CECI>= C3EFFICIENTS FAR CALCULATING THE JO HAVKEL TRANSF@RM
YECI)= ABSSCISSA VALUES F3R CALCULATING CE(I)

Cl = SOURCE-DIPILE CURRENT

DS= SOURCE-DIPZLE LENGTH

D = NIRMATIZED THICKVESSES

R<= NQRMALIZED RESISTIVITIES

DEL= MODIFIED WAVE VUYBER

1IN= INPUT AREA

12UT= QUTPUT AREA

sEsEeResRrsNrEvNoNoReNoNoNeReNeNoNeNo N NeNe No Xe)

C
c
C
c .
Crikkkhkkkhkhkkkkhkkkrhkhhkkkhhkhkhkhhhkrkhrbkhrrhrpiprikkkrikrherss

CIMPLEX: 4, Es EX, EY
DIWEVSIGV HPP(S):HP(S)



CAMMON /7QC/D(3)»RK(3)»RH(3)»Ns DELS R
ANGs» Fo X, YH(48), CH(48),YEC61), CEC61), T™

covMaN /Cv/Cl, DS,
DATA

&Y4/- 4. S30731 6E 0, - 4. 3004731E 0,-4.0702146E 0,-3.8399561E 0,

Te 4433 369E-2,
9095472378’ 1,
1.9165064E O,
2.8375404E O»
3. 7585744E 0O,
4. 679 608 4E 0,
S. 6006424E O,
DATA

2 R 20 0o Qo 20 Re Qo Qe QO R

&C4/3.1010S61E- 6,

Re Qo Q0 Q0 20 o 20 Q0 2 R0 Re

e 5523239E- 4,
T« 7342377E- 4,

36924763 3E~ 35 -

2. 1333 415E-2,
1. 1775455E-1,
2.8305928 5E-1,

=34 6077766E-2,

3. 046963 7E- 1,
1.2257309E O,
2.1467649E O,
3.0677989E 0»
3.9888329E 0,

14,9098 669E O,

5.83309009E O,

1.3802093 E~ 5,

'3.0344652E-5,

5. 35703 57€- 4,
4. 579 6508E- 3,
3. 08 53660E-2,
1 6353574E-1,
1.28758 40E~- 1,
4, 2983568 3E~1,

Be9316T46E-25~T+ 4344203E-2,
1883 46544E-2,~-1.215363 7TE-25
3¢ 7554604E-3,~2. 5929 707E- 3»
8. 409 528 6E- 4, - 5. 6749 TATE- 4,

DATA

S. 349 5537E-1,
1. 455989 4E 0,
2. 37T70234E O,
3.2980574E O»
4.219091 4E O,
S.1401254E O,
6.061159 4E O,

5. 4319 540E- 5,
3. 5333 7T44E- 4,
1. 71 70605E- 3,
9.2111463E-3,
S« 197359 4E-2,
2. 3127545E-1,

=3¢ 60969 76E 0,-3¢3794391E 0,-3.1491306E 0,-2.9189221E 0,
-2+ 6386636E 0Os5-2+ 453 4051E 0,-2.2281466E 0,-1.997388381E 0,
=1¢7676296E 0s~-1+ S373711E 0,~-1.3071126E 0,~1.0763 S41E O,
~8e 4659 563E~-15,-641633713E-1,~38607363E-1,~1. 5532013E-1,

7. 652138 7E- 1,
1. 6862479E 0,
2 6072819E 0,
3. 52831 59E 0,
4. 449 3499E O,
S« 3703339E O»
6.2914179E O/

9.2891602E- 6,

1. 4793002E- 4,
1. 638 7239E- 3,
1.2130467E-2,
7.4661566E-2,
2.7363461E-1,

-1. 5380437E-1,-4. 56599 51E-1,
-2.1506075E~-1,-2.3624312E-2,
4.8 5729 65E-2, -

3.00838 72E- 2,

B8+ 0708759E-3,~ 5. 4706275E- 3
1e 7909 426E-3,-1.,2320277E- 3,
3¢ 7718 40SE- 4, -1+ S891835E~- &/

&YE/-6.83343046E 0, = 6. 6045461E 0,-6. 37428 T6E 0, - 6. 1440291E O,

S. 3346742E- 1,
1« ASA501 4E O,
2. 3755354E O,
3. 296569 4E O,
4. 2176034E O,
S.1336374E 0,
6.0596714E 0,
6.9807054E 0/
DATA '

R 2 0 0 v v o 0 Qo Qe o e o e

~S5.9137706E 0,-5.6335121E

-~4.0717026E 0,-3.8414441E
- 3. 1506636E 0,-2.9204101E
=~2¢2296346E 0,-1.9993761E
-1.3086006E 0,-1.0733421E
-3.8756653E-15-1¢ 5730303E-1,

LCE/ 7. 32609 37E- 4,

& 3. 5918 326E- 4,
& 1.2841617E- 3,
& 3. 63212455" 3»
& 9+ S527062E~ 3,

7. 6372592E-1,
1. 6347599E O,
2., 60579 39E O,
3. 5263279E O,
4. 4473 619E 0,
Se 36389 59E 0,
6.2399299E 0,

5. 6326423E-~ 4,
1. 0500603E- 3,
2.249 798 SE- 3,
5.2376028E- 3,
1.2703 615E-2,

7. 295041 6E-2,
9.9393 442E- 1,
1915018 4E 0,
2.8 360524E 0,
3. 75708 64E O
4. 6731204E 0,
S5« 5991 544E O,
6. 520188 4E 0,

1¢ 3727237E-~ 4,
70 l 530982E" 4,
2190618 6E-3,
5¢9212519E-3,
1e¢ 5305539E-2,

0s = 5¢ 4532536E 0y~ 5.2229951E O»
-4.9927366E 0,-4. 762473 1E 05~ 4. 5322196E 0,-4.3019611E 0,
0,-3.6111856E 0,-3.3309271E 0,
0,-2. 690151 6E 0,-2.4593931E O,
0s-1.7691176E 0,-1.5333591E O,
0,-8.4303353E-1,~-6.1782503E-1,

3.0320892E-1,
1.2242429E 0O,
2.1452769E 0,
3.0663109E 0,
3.9873449E O,
4.9033739E 0,
5.8294129E 0,
6. 7504469E 0,

7. 5331222E-~ 4,
1. 5160070E- 3,
3. 4076732E- 3»
B 13158 77E-3»
1.994108 6E-2,



2+ 439 6626E-2,
6. 0324306E-2,

1. 3363663E~1,.

1. 5556741E-1,

3. 1333652E-2, 3.8633065E-2, 4.9127993E-2,
7. 6314344E-2, 9. 3928B346E-2, 1.1545027E-1,
1. 62438347E-1, 1.9114332E-1, 1.8424433E-1,
6.8592431E-2,-83.3339029E-2,-2.8819226E-1,

- 3. 5565260E-1,- 5. 628386 7TTE-2, 4.31869 42E-1,-5.1516453E-2,

-2+ 61029%9E-1,

2.1416490E-15-9. 4490683 7E-2, 2. 6196370E-2,

- 5.1097328E- 4, - 6. 60329 43E~-3, 7. S193619E-3, - 6+ 73 54344E- 3,
5¢8044372E-3,- 4935439 4E-3, 4.2323106E-3,~-3. 6733648E-3,
3. 2266260E-3,-2.83649137E-3, 2. 5677630E~3, -2+ 3202655E- 3,
2¢1115187TE-35-1¢9334662E-3, 1. 7800248E-3,~-1+ 6465436E-3,

o 0 Q0 Q0 20 Q0 Qv Qo Qe Qe o

1346331 7E-3/

FORMATC1X,»12, 11X, "LAYERS ', 2X, *SGURCE CURRENT=',
&F8. 3, 2Xs 'SAURCE LENGTH="',F8.2,/, "ANGLE= ", F8. 2, 2X,

&' SAURCE-RECEI VER SEPERATION="',E12. 4,/)

FARMATC 3X, 'LAYER®, 3X» 'RESISTIVITY *5 3X, *THICKNESS*)

FARMATCI1X, 15, 4Xs E1 1+ 55 3X» E10. 4

FBRMATC//» 3Xs *FREQUENCY *», 4X, "HCREAL) *, 6X, ‘"H(IMAG) *», 6X, *EC
&(REAL) *» SX,» "ECCIMAG) *»/, 3X» *FREQUENCY *, 4X, "EX(REAL) *»
&5X, 'EXCIMAG) 's 5X, 'EYCREAL) ', 5X» *EYCIMAG) '5//)

FARMATCS5C1X, E12. 6))
FARMATCIF)

FARMATC2F, 21)

FARMATC2F)

FARMATC(2F)

1IN=3

I2UT=8

READCIIN, 1) ANGs RsN,NFW
D2 11 LT=1,N

READCIIN, 2%8) HPCLT)», RHCLT)
READC1IN, 3) Cl,DS
WRITECI3UT»14) N,CI»DS,ANGsR
WRITECI3UT, 1S
WRITECIQUT,»16) (LT RHCLT),HPC(LTI,LT=1,N)
NB=2%YV

™=12. 566371E-17
ANG=C3.1415927/180.)%ANG
D3 2 JJ=1,\N
RLCIJII=RHC1)Y/RHCID)
WRITECIZUT, 10)

D3 20 I=1,NFW

READCIIN, S) FF
F=6.2831853«FF
DEL=SQRTC 2. *RH( 1)/ ¢ TM*xF))
DA 6 JJ=1,N '
DC.J.JY=2.%HP(J.J)/ DEL
X=AL® GC¢ R/ DEL)

CALL FVCE,H»EX,EY)
WRITECI2UT,12) FF,H4,E
WRITECIOUT, 12) FF,EX» EY
CANTINUE

END

(3]

(W2



c

SUBRAUTINE FVCEC,Y, EXsEY)

Crekxxkkxkwrkkkkk SUBROUTINE FVAL UE %k ik ke de ok o o e ok o ko ook dok ok ok ok & ok

c
c
C
Cx

?OOOOOOOOQ_OQOOOOOOOOOOO

THIS SUBR3IUTINE CALCWATES THE C2NVALUTIAN SUMS F3R EX,
EY, EC» AND HZ ELECTRAMAGNETIC FIELD CAMPONENTS

kkkukkbkhkkkkkhkkkkkrkk VARIABLES kkkkkkkhkhkkkhkkkkkkhkkkk®kkk

SUM= CANVALUTIOAN SUM F2R HZ
SUEY 1, SUEY?, SUEX1, SUEX2 AS DEFINED 3V PAGE 10 9F THESIS
SUEY1= CONVILUTIZ2N SUM FOR EYI
SUEY3= CANVALUTIZN SUM FI2R EX1
SUEX1= CANVALUTIAN SUM FOR EX3
SUEX2= C2NV3ILUTI3N SUM FOR EX2 ‘
H1= CL?SED-FARM YIMIGENAUS HALF-SPACE EXPRESSIAN FOR HZ
EX= X-COMPANENT 3F THE ELECTRIC FIELD FAR A LAYERED EARTH
EY= Y-CAMPINENT 2F THE ELECTRIC FIELD FOR A LAYERED EARTH
EX1= CL3ISED-F2RY¥ EXPRESSI@OV FAR A HIMAGENAUS HALF-SPACE
(X~CIMPANEND
EYt= CLASED-F@RYM EXPRESSI2N F2R A HOMAGEN3US HALF-SPACE
(Y=-CAIMPINENTD '
E= CL?SED-F2RYM EXPRESSI2N F3R A HOMJIGENAUS HALF-SPACE
( CIMBINED ELECTRIC FIELD)
EC= C?vYBINED ELECTRIC FIELD F3R A LAYERED EARTH
Fil= LAYERED EARTH CARRECTION FACT3R
Z1= LAYERED EARTH CARRECTION FACTOR
Vi= N3RMALIZED FIRST LAYER PSEUD3 WAVE VUMBER

kb hehhkkkhphkkhbkhbkkkhkkhkhkhhkrkhkkhkkkkkkkkkkkhkkkrkkkkkkkkkkk

CAIMMAN /CV/ Cl>DSsANGs FoXsYHC43), CH( 48),YE(61),CEC61), T
CIUM2IN /QC/ DC3)>RLC3), RHC3)» N, DELS R ' R
CIMPLEX H, VI, F1s SUM»H1,Z1,E1, EC»Cl,sC2s

&EX 1, EXO0, EY1»EYOs SUEX1, SUEY 1, SUEXO» SUEY Qs EX, EY

SUEX 1=CMPLX (0.0, 0.0)

SUEY 1=CMPLX (0. 0, 0. 0)

SUEYO=CMPLX( 0.0, 0.

SUM=C4PLX(0.05 0. D

BB=EXP(X)

C1=CMPLX(0.0,1.0)

C2=CvMPLX(1.0,1.0)

Crrkrkkkkhhhkkikdokkokkkkkkoriorkorkkkkk
CALCULATE THE J1 HANKEL TRANSF3RMS
CrrktkkktkhkrrhhhkhkkkkhkkfkhhkkrRhkekekk

D3 8 J=1, 48 ‘

Y=EXP(-(X=-YHC(J)))

CALL CALCCF1,Z1,V1,Y)
EX1=ClRVIR(Z1-1)42:.%VI*xC1=-F1)/((Y+VIxF1)x(Y+ V1))
SUEX1=SUEX1+CHC J)*EX1

H=YxY%xVix(le.-F1)



H=H/CCY+VIXFI) % (Y+ V1))
SUM=SUM+ CHC J) *H
g CANTINUE
SUEY 1= SUEX 1
H=C1/BBY* CI*DS«SINCANG)*SUM/( 6. 23318 53xDEL « DEL)
R2= R«R .
H1=3e~C3e+3: 0OkC2%BB+2. xC1 *BB**2) * CEXP( - C2%BB)
H1=(-Cl*CI*DS*DEL*DEL*SINCANG) *H1)/(12. 566371 «R2%xR2)
12 FARMAT(2¢1X5 E14.8))
H=H+4 1
SUM= CMPLX (0. 0, 0. 0)
C¥ ¥ % % & 4 ok ok ok e ok ek e ki ok ke ke ok e e koK e ok e ok ko
CALCULATE THE JO HAVKEL TRANVSFORMS
C & % e e d de ok ok okl K e ke ke ok Kk kK ok ek sk koK ok ok ok Kok
D2 4. 1=1, 61 |
Y=EXPC-(X-YECI)))
CALL CALCCF1,71,V1,Y)
EYO=Y*CCI4VI*(Z1=1:)+2.%VI*C1e=F1)/CCY+VIIACY+VI®F1)))
EXO=¢COSCANG) **x2/ DEL)*EYO-(C1/DEL) %2+ kY% VI*Cle=-F1)/
ECCY+VIRF1I*CY+ V1)) '
SUEX 0= SUEXO0+ CECI)*EXO
SUEY 0= SUEYO+ CECI)*EYO
EC=C1%V1%Y*(Z1-1.0)/2.0
EC=EC-Y*VI*(1.0-F1)/CCY+VIkF1)%CY+V1))
4 SUM= SUM+ CEC1)*EC ,
EC=Cl1xTMxF*CI DS« SINC2. *ANG) * SUM/ ¢ 12. 5663 71*DEL*BB)
"El=-« 500+ 1+ C2%«BB) * CEXP( - C2%BB)
E1=CI*DS*RHC 1) % SINC2. xANG)*E1/( 6. 28 318 53%xR«R2)
EC=EIl+EC
EX=CCl*TM*FxCI*DS/(12. 566371%BB) ) *( SUEXO- C? SC 2. *ANG)
&x SUEX1/R)
EY=(CI*TM*F«CI*DS/(12. 566371%BB) Y% SINC2.%AVG) *(- SUEY1/R
&+ SUEYO/ (2. %DEL))
EX1=CI®DS*RHC 1) % ¢ 3%xCOSCANG) *%2-2)+(1.+(1+C1)*BB) * CEXP(- C2+«BB)
£) /¢ 6428318 53%«R%xR2)
EY1=3.«RHC1)*CI*DSkSINCAVG) *CA SCANG) 7 € 6. 28 318 53%xR%R2)
EX=EX+EX1 ’
EY=EY+EYI
RE TURN
END
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SUBRAGUTINE CALCC(F1,Z1,V1,Y)
Code e e ot e e e e ok e 3 o ek ok o ¢ e e o o e o e Sie s e s e o o ol o e e o ol e e o o o o ke e o
C SUBRGUTINE CALC CALCW.ATES THE LAYERED EARTH CORRECTIAON FACTIRS
C (F1 AND Z1) FOR UP T3 3 LAY ER Skt dofok & kodokkokokokok ok
CAIMMAN /QC/ DC(3)> RK(3)»RH(3), N, DEL,R
CAIMPLEX VI1,F1,V2,AEX»Z1
Y2=YxY
T=22.%RK()
V2=CSQRT(CMPLX(Y2, T))
D@ 9 LL=2,N
IF(LL.GT«2) G3 T2 A4
Fi1=CYPLXC1.0, 0.0
Z1=CMPLX(1.05,0.0)
A I=N-LL+1
DD=D(CI)
T=2.%RK(C1) v
VIi=CSQRT(CMPLX(Y 25 T))
AEX=(1e=-CEXP(-VI1%DD))»/(¢1.+CEXP(-V1I*DD))
F12(V2xF1+ VI*AEX)/(V1+ V2% F1*xAEX)
ZI1=C(V2xRHCI+1)%Z 14+ VIXRH(IIKAEX)/CVI®RHCI)+ V2xRH(I+1)%xZ1«AEX)
9 v2=Vi1
RETURN
END



QOOQOOOGOOOOOOOOOOOOOQOOOOOOOQOOOGOOOOOOO

Crerxkbkkkkkhkekekt PRIGRAM EVINT *kkkkhkkbkkhkkkhkkbkkhhkkkkkkkdk

c TYIS PR2GRAYM USES MARQUARDT'S ALGIRITHM T@ ADJUST FIRST

C GUESS PARAMETERS T2 FIT THE @BSERVED DATA. THE S3URCE IS

C ASSUMED T2 BE A CURRENT DIP3LE. RECEIVER CAMPINENTS WHICH THIS

C PR3IGRAY WILL FIT ARE CH3SEN BY THE VARIABLE NCaMP LISTED BEL2W.

C

C PROGRAYM EMINT WAS DEVELJPED 3V A DEC PDP-10 COMPUTER

C AT THE C2L2RAD3 SCHI2L OF MINES. FARTRAY PRIGRAMMING LANGUAGE IS
C USED THRAUGHOUT THE PRAGRAM.

JEFF DANIELS
C3L2RAD3 SCHAQL OF YINES
FEBRUARY 1974
Ctttﬁ**tttkt*t**ttktt******** VARTIABLES kkkdkdkdhkhkhkkkkhhb ik
NCAIMP=10 ABSALUTE VALUE 2F EC CALCULATED
NCAMP=20 REAL PART 2F EC CALCWATED
NCAMP= 30 IMAGIVARY PART 3F EC CALCULATED
NCAMP=11 ABSALUTE VALUE 3F HZ CALCWATED
NCAvP=21 REAL PART 3F HZ CALCULATED
NCaMP= 31 IMAGINARY PART 2F HZ CALCULATED
NCOMP= 40 ABSAL.UTE VALUE OF EX CALCULATED
NCAvP=50 REAL PART 3F EX CALCULATED
NCIMP= 60 IMAGINARY PART 3F EX CALCUWATED
NCOvP=70 ABS3LUTE VALUE 3F 'EY CALCULATED
NCavP=30 « REAL PART 3F EY CALCUWATED
NCAMP=90 « IMAGIVARY PART 3F EY CALCULATED
ANG= ANGLE (IN DEGREES) DEFIVING THE S32URCE-RECEIVER QRIENTATION
Rz SAURCE-RECEI VER SEPERATIZN
Cl= SAURCE CURRENT
DS= SPIURCE LENGTH (IN METERS) v ‘
YN3RM= NIRMALIZATIANY FACTIR FAR THE IVPUT Y VALUES ¢ E«¢Ge IF
THE AVERAGE VALUE F3R 20 EX VALUES (AT 20 DIFFERENT FREQUENCIES)
IS - 1000E~-10, YNIRM SHOU.D BE .10000E-10)
1E=z THYE NUMBER 2F X-Y PAIRS 2F VALUES T@ BE INPUT
X¢I)z T™E ITH FREQUENCY
YCId= THE I TH VALUE QF THE. ELECTRAIVMAGNETIC FIELD CIMPAINENT
CARRESPANDING T3 THE 1T4 FREQUENCY
N= THE NUMBER OF LAYERS IN THE FIRST-GUESS M3DEL
HPC(IY= I ™ LAYER THICKNESS
R4CId= ITH LAYER RESISTIVITY
*%x CHOICE 2F PARAMETERS T2 BE VARIED %+
IFXEC))>=0 THE JTH4 PARAMETER IS N2T VARIED
IFXECJ)=1 THE JTH PARAMETER IS VARIED
TW3 LAYER ORDER:
Jzl « R$ J=2 « RHC1)3 J=3 = HPC1)3 J=4 « RH(D)
THREE LAYER QRDER:
Jal = R$ 22 & RHC1)s J=3 - HP(!): J=4 = RH(2)3J=5 « HP(2)}
J=6 + RH(J)
Ctatt«tt*tt*tt***#**t**tk*ttta«tt*utttttt#ttt*ttttttttttttttttt

ARTHUR CAKES LIBRARY
COLOEADO SCHOOL of MINES
GOLDEN, COLORADO 80401

L §
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C34M3N /CV/ ClsDS»ANGs FX» XX, T™
CA3MMAN /QC/ DDC 3>, RXX(3), RHH( 3), N, DEL,»RR
DIMENSIOAV X¢25),Y(25),BCT7), WTS(25),
&BDBC 1Y, ATAC T, T)» IFXEC6),4HP( 3) 5 RH( D)
REAL L AM
IN=1 .
ChaebhrkhhkhhkiohiddkikkuRikpkkpddkkkkkdkdik
C READ 1IN THE DATA WNDER THE LOGICAL WNIT *IN®
Ot % % % fe d de v de ke de de ok ek i e el e e ke e ok de ok & b ke e ok ok ok
READCIN, 1YANGs Ry C1> DS>» I E, N, NCAMP

7 FARMATC(E)
1 FORMATC( 4F, 31)
READCINSIIC(XCI)»YCI)L WTSCI),I=1,NFW)
9 FARMAT(3E12. 6)
2 FARMAT(2F)
ANG=C€3.1415927/130.)%ANG
NB=2%N
READCINSB)Y (IFXEC(J)»J=1,NB)
3 FARYMATCI 6)

READCIN, 2) C(HPCLTY,RHCLT),LT=1,V)
READCIN, 7 YVN2RM
, D3 4 JJ=1,\NFW
4 YCILIY=YC JJ)/YNBRM
VPAR=VB
8¢1)=R
D3 3 JCT=1,N
NCT=2%JCT
BCNCT)=RHC.JCT)
BCNCT+ 1)=HPCJCT)
3 CANTIVUE"
CALL YZNL S2¢NPAR, IFXEs IEs X5 Ys» WTSs Bs NCOMP, YNGRY)
END
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SUBRAUTINE NIVLS2 (NPARSIFXEsIEsXsYs WTSs B, NCIMP, YNIRM)

Charesakkkkkhkkrkkke SUBRIUTIVE NDIVL S2 ek &k ek koo de o o ok ok & v deodke dedeokok

c
c

C
c
c

c
c
c
c

TH4IS SUSBRIUTINE CINTRILS THE LEAST-SQUARES CURVE FITTING
ALG3RI TH¥M AS JUTLINED BY MARQUARDT (1963

THIS IS A MADIFIED VERSION 2F THE ORI GIVAL
GE@PHYSICS LEAST- SQUARES PROGRAM WRITTEN BY JORGE
PARRA. ’

Creksxekxtx L EAST SQUARES SUBRIUTI VER¥kkkkkkkhkshhadhhkhsskk

2EeEeRe e e Ne e NoNoNeNsNeRoNoNo Re e No NeNe NeNe N Re e R Ko

VVAR=# 3F UNFIXED PARAMETERS
NPAR=# 3F UNKN2WN PARAMETERS 3F F > LINQUT
NPTS=#3F @8BSERVATIAN PJINTS
IW=AUTPUT (FLAGt~-1=N3 3UTPUT» 0, 1,2=0UTPUD)
FAIL=3UTPUTCO, 1, 2=CINVERGEVCE: 3, 4, 5=N3 C2NVERGENCE)
MAXT TR=THE MAXIMUM # 3F ITERATI3VS ALLZWED
IFXE=ACCURACY(IFXECK)=1, THE K T4 PARAMETER IS ALLJWED T3 VARY3
IFXEC<)>=0, THE K TH PARAMETER IS FIXED AT ITS INPUT VALUE)
VEXT=0
LINMIN=0.
XCIE,2)=DAUBLY DIMENSIZNED ARRAY HOLDING THE dBSERVATIOINS
CINDEPEVDENT VARIABLES) AS R2WS 3F X
YCIEY= ARRAY H2LDING THE DEPENDENT VARIABLE 9BSERVATIANS
WTS=ARRAY 4YALDING THE RELIABILITY WEIGHTS FOR EACH PJ3INT
/1F WTS=0 THE WEIGHT =1.0/

ATA=A%* MATRIXFRGM MARQUARDT'S FORMULATIOV
B=HALDS THE INITIAL ESTIMATES 3F THE PARAMETERSe. IF IFAIL=0

2R 1, B HILDS THE C3VVERGED PARAMETER SET
BDR= THE FINAL CORRECTIAN VECT3R T@ THE CIVVERGED PARAYETERS
IP=10%%x-5 :
LAM=MARQUARDT*S DAMPING C3NSTANT
PHI=CY(ABS)-Y(MIDEL))I«%x2
DAC=.0S 7/ PARABLJIIC MINIMUMIZATIAN
FVALUE=SUBRAUTINVE TYHAT CALCULATES THE v9DEL
PARVAL =SUBR3UTINE THAT CALCULATES THE FIRST DERIVATIVE OF THE

V3 DEL
ANS=C3RRECTIGN VECTAR AT THE PAINTS 3F LINEAR MINIMUMIZATION
e e e e e ofe e e e e e e e e e e ol e e e ok e i o e e kol i e e e ol e ofe e ok e e e e e e e e ol o e e ol o e e i kK ok

]
DIMENSIAN ATFC7),ANSC7),ANSICT)» EXCT)
DIMENSIZN X(¢25),Y(25),BC7),BDBC7)» WISC(25),ATAC T, T)
REAL LAM,LD3,L 10, NORM
DIMENSIAN INXC7), IFXECT)
INTEGER FAIL '

1003 FARMATC4¢2X, E14.3))
Ctt**#t**tk**********#****t****k*

c

SET THE CANVSTANT VALUES

Cre e de o de ke d ke e e e ek ok feok ok e ek ok ok Rk ok ek o

LAM= 0,01
NPTS=1E
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I D=NPAR
MAX]I TR=6
EP=1.E+0
NEXT=0
GAMAOQ= 45.
Iw=3
ITER=0
TALR=1.E~%
123UT=2
IR=3
Cc DETERMINE THE PARAMETERS T2 BE VARIED.

NVAR=0
D3 10 I=1,VPAR
BDRC(I)Y»=B(I)
ANSC(I)>=0.EO
ANS1(IY=0.EO.
IFCIFXECIY).LE. O G2 T2 10
NVAR=N VAR+ |
INX(NVAR)Y=1

10 COINTINUE

300t F3RMAT(I) »
IFCIWe GE. 0) WRITECIJ3UT, 11700) NPAR>NVAR, NPTSs» MAXI TRs I WsLINMIN, EP»

*DAC

EXAMINE THE WTS ARRAY

QOO

NBRV= 0. EO
D3 40 1=1,NPTS
IFCWTSCIY)Y 20, 30, 40

20 WTSCI)=1e EO/WTSCI) %42
63 T3 40

30 WTSCI)=1.EO

40 NGRM=NIRM+ WTSC D)

NIRM=FLAATCNPTS) /NGRY

LFCNARM.EQ. 1. EO) G2 T2 60
D3 50 1=1,NPTS

50 WTSCI)=WTSCI)«NIRY

C

C + CALCULATE THE INITAL SUY 3F SQUARES
c .

6

0 PY1=0. EO ,
IFCIWe GT.0) WRITECIBUT, 10200)
D3 70 I=1,\NPTS
NPVFC=1 .
CALL EMCALC ¢X»Bs IEs1»EXs FVs I FXEs NPVFCs NC3YP, YNORY)
SS=Y(I)-FV
IFCIWe GT. 0> WRITECIZUT, 10000) XCI)»YCI)» FVs SS
70 PYT=PHI+SS*«2«WTSCI)
C***tttt******ﬁ***#*********#***
c START THE DAMPED GAUSSIV PRJICEDURE
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o
30 I TER=I TER+ |
IFCIWe GT.0) WRITECIZAUT, 118300
IFCI TER. GT.MAXITRY G3 T2 330
D3 90 I=1,NPAR
90 BDBCI)=B(I1)
DA 100 1=1,NVAR
" ATFC(I)=0.E0
D2 100 J=1,VNVAR
100 ATACTL,.J>=0. EO
C 4 % ¥ % % Kk ke de K koK ok Kok koK ok K ok kK ek ok ok ok ok
Cc GENERATE THE ATA AND ATF ARRAYS
O % e &tk et e ke e R g ok K R ok ol Kok e e d ok ok ok Kk kok
D2 110 I=1,NPTS
NPVFC=1
CALL EVMCALCC(X, B, IE>,I,EX, FVU, IFXEsNPVFCs NCIMP, YNIRM)
NARM=WTSCIYI*CYCTIY-FV)
NPVYFC=0 ’
CALL EMCALC(X>BsIEs I5EX, FVo I FXEsNPVFCs NCIMP, YNIRM)
D2 110 L=1,NVAR
J=INXCL)Y
ATFCLY=ATF(L) +NQRM*EX(.])
D3 110 vM=L,NVAR
£=INX(M) , ) \
ATACLL>MI=ATACL> M) +EXCJI REX(K)*WTSCL)
110 CANTINUE ' ’
IFCIWeGTs0) WRITECIZBUT, 11500) ITER, PH1,»(BC1)»1=1,VPAR)
Crie e e 4 e e e ke ek ol e e e o e e ok ok ol ok el e sl ok e ok ok ok Kk R ok ok ok
C PERFBRM A LACAL SCALING 2N THE ATA MATRIX TO AID CALCU.LATIANS.
e e e e e ¥ e de e e e el e e e i o B e e e ek e i e ok ok vk e e ek dok Aok ik ok ok
D@ 120 1I=1,VVAR
IFCATACILI).ER.0.D0OY G3 T3 410
120 EXCI>=SARTCATACLI, 1))
D3 140 1=1,NVAR
ATFCI)=ATFCIYZEXCI)
D3 140 J=I,VVAR
I[FC1.EQ.J) G3 T2 130
ATACL, J)=ATACL, ]D/CEXCIY®EXCJ))
G2 T2 140
130 ATACL,1)=1.EO
140 CONTINUE
G e o 4 e e e e e e e o e o 3 ok e ol e e ke i e ol e e e o o e o ok ok s de e o o i K
C DETERMINE A vALID LAMDA FOR THE SCALED PARTIAL YATRIX.
C GAMA=DIRECTION VECTAR AVGLE
C PHI1=SS ERRAR FAR VEW LAMBDA
c****t****************.*********************’B‘k’k*&*****#*******
FACzioE"O
CALL NEWLAM(ATA,LAM, BDB, ATF» ANSs EX» GAMA, FVALUE, PHI1,Xs Y, WTS, By
€I Ds IEsNVAR, NPTS, NPAR, L FAL s INX, IFXEs IR, NCZMPs YNIRM)
IFCIWe GT+0) WRITECIQUT, 10600) LAM, PHI 1, GAMA
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Crekkkrkekrbkkrkhhkkhhkdhhhkkrkhhkiokkkhkrrkkhkkkkkkkkkk
C EP= RELATED T3 THE FIRST GUESS (CONTRALS LAMBDA S2 THAT

c LAMBDA DAESN'T GET T20 LARGE) EXAMPLE:EP=.5 THENV THE
C GREATEST CHANGE TYAT THE PARAMETERS CAN HAVE IS 50% aF
c THE JRIGINAL FIRST GUESS

€ e e e e e ke e e ke ke s e ok ok e e oKk e e e e il e e ook e e e R ek i e ofe sl e e o ke ok ok ok ko ok
IFCIFAL-1) 150, 390, 400 '
150 D3 160 1=1,NVAR
IFCABSCANSCI) ). GT. (TALR+EPXABSCBCINXCINI)I)I)Y G2 T3 180
160 CAONTINUE -
IFCPHIL.LT.PYI1) G3 T3 440
D7 170 1=1,\VVAR
170 BCINXCIII=BCINXCI))I+ANSCI)
PH4T =PHI
G3 T2 440
180 IFCPHIT. GE. PHI) G@ T3 220
"IFCLAM.LE. TOLR) G3 T3 320 \
D2 1213 JP1=1,NVAR
1213 BC JP1)=BDB(.JP1)
PHI=PHI 1 :
LD3=LAM/10.0EO .
CALL VEWLAVMCATA,LD3?,BDB,ATF, ANS1, EX, GAMA, FVALUE, PH12, X, Y, WTSs B,
*IDs IEs NVAR, NPTS, VPAR, I FAL, IVX, 1 FXEs» I Rs NCOIMP, YNORM)
IFCIWe GT.0) WRITECIQUT, 10700 LDO3,PHI2, GAMA
IFCIFAL-1) 190, 390, 400
190 IFCPHI2. GE.PHI 1) G2 T2 320
200 LAv=L D3 '
D? 1207 JP1=1,N¥VAR
1207 BCJP1)Y=BDBCJP1)
PHI=PHI2
D3 210 I=1,\VVAR
210 ANSCII=ANSICD)
PHI1=PHI2
‘G2 T2 320
220 LD@=LAM/10.0EO0
CALL VEWLAMCATA,LD?,BDB, ATFs ANS1, EX» GAMA, FVALUEs PH12, X, Y, WIS, B,
*1D, [E, VVAR, NPTS, NPAR, I FAL» INX, I FXE, IR, NCA1P, YNORM)
IFCIWe GTe 0) WRITECIAUT, 10700) L D3, PHI?2, GAMA
IFCIFAL-1) 230, 390, 400
230 IFCPHI2.LT.PHI> G2 T@ 200
L 10=L AM
240 L10=L10%10. EO
CALL VEW_AMC(ATA,L10,BDB,ATF, ANS, EX, GAMA, FVAL UE, PHI 3, X5 Y, WTS,» B,
«*IDs I E>, NVAR,NPTS, NPAR, I FAL, INXs IFXEs I Rs» NCAMP, YNORM)
IFCL10+GTe1.E+6) STAP
IFCIW.GT.0) WRITECIQUT,10900) L10,PHI 3, GAMA
IFCIFAL-1) 250, 390, 400
250 IFC(PHI 3. GE. PHI.AVD.L10.GT. 1. E+3) G2 T3 360
IFCPHI 3. GE. PHI) G@ T2 260
PHI1=PHI3 ‘
PHI=PHI3



270

230

290

1300

310

320

330
340
350

360

330

400

410

420

430

440

D3 1208 JP1=1,VVAR
B¢ JP1)=BDBCJP1)

LAV=L 10

G3 T3 320

I F¢ GAMA. GE. GAMAOY G@ T@ 240

FAC=FAC/ 2. EO

D3 270 I=21,VVAR

ANS(I)=ANSC(I)/2. EO

D3 230 I=1,VVAR
IFCABSCANSCI) )« GTe ¢ TALR+ EP*ABSCBCINXCIY))>) G3 T3 290
CANTINUE ‘

G3 T2 430

D3 300 I=1,VVAR |
BDBCINXCI))I=BCINXCI))I+AVSCI)

PHI 3=0. DO

D3 310 1=1,NPTS

NPVFC=1 ,

CALL EMCALCCX,BDB, [Es» I, EXs FVs I FXEs NPVFCs NCAMP, YNIRM)
PHI3=PHI 3+ (Y (1) - FV) %22« WTSC 1)

IFCIW. GT.0) WRITECIZUT, 10300) FAC, PHI3

G3 T3 250

CANTIVUE

IFCIW.LE.1) G2 T3 360
1FC(VVAR. EQ.NPAR) G3 T3 340
D3 330 I=1,NPAR :
EX¢1)=0.EO ,

D3 350 I=1,VVAR
EXCINXCIY)=ANSCI)
WRITECI@UT, 11600) C(EXCI)» =1, VPAR)

CONTINUE

G3 T3 440

IFCIW. GE.0) WRITECI3UT, 12300)

FAIL=2 S

G2 T3 450

IFCIW. GE.0) WRITECIGUT, 12000)

FAIL=3

RETURY

IFCIW. GE.0) WRITECIBUT, 11900) GAMA,LAM

FAIL= 4

RETURY

TFCIW. GE. 0) WRITECIAUT, 11400 I, (B(K)»K=1, VPAR)
FAIL= 6.

RETURN

IFCIW. GE. 0 WRITEC(IQUT, 10500)

FAIL=S

RETURN

IFCIW. GT.0) WRITECIAUT,12400)

FAIL=Y | .

GAd T3 450

IFCITER.LE. 4> Gd T3 80

£3

CraraatrthbrhrhrkiRrkihrihkeRngn

65
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c THE PRACEDURE HAS C3NVERGED
Crekkkhbhkkkhhhkhhkmrkkhrkkrkkk
FAIL=0

IFCIWe GE. 0) WRITECIAUT, 11300)
IFC(IWe GE.0) WRITECIOUT,11800)
IFCIWe GE. 0) WRITECIQUT, 12200) ITER
450 TIFCIWeGE«O) WRITECIZUT, 12100 PHI»(BCI)»I=1,NPAR)
Clkkbkhkhhkkkhhkhkrrkrhhkkpgrrhhkrerkrikrerrkeinss
Cc CALCULATE THE STANVDARD ERROR. USE NPTS-NVAR-NEXT AS THE DF.
Corddk e e e fe ek de e b de ek defeok ok Rk ko ok ok ok ok kR
NARM=SQRTC(PHIZ/FLAAT(NPTS-NVAR-NEXT))
Cde e 40340 e e fe e e e e i e (e i e e e ol e e o oje e i e de i de ok e e de i ke
Cc REMAXE THE PARTIAL MATRIX INSTEAD OF USING THE RE-SCALED MATRIX.
c THIS COULD EASILY BE CHANGED.
Chrkkkkrkhrehhbhhhhboohkbkhhhhhhhbhhkkhikkekrek
D2 460 I=1,NPAR
460 BDB(I)=0.EO
D3 470 I=1,NVAR
D3 470 J=1,NVAR
470 ATACL» J>=0.EO
D3 430 [=1,NPTS
NPVFC=0
CALL EMCALC(Xs B>sIEsI»EXs FVo IFXEsNPVFCoNCIMPs YNIRM)
D3 430 L=1,VVAR
J=INX(L)
D3 430 M=L,VVAR
K=INX(M)
40 ATACLSM)=ATACLSMI+EXCIIXEXCLKI)XRWTSCI)
CALL INVRT (NVAR,ATA,ID,IFU)
IFC(IFU.EQe 1) GI TA 420
D3 490 1=1,NVAR :
EXCI)=SQRTCATACI+1,1))
490 BDBCINXCID)=NIRM«EX(I)
ChrukekehkkRtkthkkahkhhhkhkhhkokhi
c CALCULATE THE CORRELATIAN MATRIX
Chekbkhkhkhhhhhkhkhkrkhkkrkkkkkik
D3 500 1=1,NVAR
D3 S00 J=1,\NVAR ,
S00 ATACL, J)=ATACJI+ 1, 1)/ CEXCII®EXCJ))
IFCIW.LTs0) RETURN
CrehkhbhhrrkehkRhkhhkkkkkkkrhkrrhkhkbhohehhhkhrhkkkhhkE
Cc PRINT THE PARAYMETERS AND TE STAVDARD ERRORS ASSAICATED T2 THEM
Chkdhhhkbkhrhhhbhhkkhkhkkkhkkrkehhkkkkrkrkhhaokhkkoork
WRITECIQUT, 11300) CINXCI), BCINXCI))» BDBCINXCI))»I=1,VVAR)
IFC(NVAR.EQ.1) G3 T3 520
IF(FAIL.EQ.2) G3 T@ 5S40
Charkkhkkhfihhiokhkkdkkhhkkrkd
C PRINT T™E CORRELATION MATRIX
Chu e kiihhkkhdodokkrkghkhhks
WRITECIGUT, 11200
D3 510 I=1,NVAR
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510 WRITECIQUT» 11000) 1,CATACI,I)5>J=1s1)
Ce %k 4 e e ok e e o ok fe e e e e ol o g e deok K ok i
c PRINT THE IVVERSE MATRIX
Coe e e e 40 e e e e e e e e e ok el e e ol de ook ek e e
WRITECIQUT, 11800)
WRITECIQUT, 11800)
520 WRITECIQUT, 11100)
M=\ VAR+ 1 '
D3 S30 1=2,M
K=1-1
530 WRITECIBUT, 10400) I,CATACI,» J)sJ=1,X)
540 CANTINUE
WRITECIZUT» 11300)
WRITECIQUT, 11800)
WRITECIOUT, 10100)
D3 SSO 1=1,NPTS
NPVFC=1
CALL EMCALCC(X,BsI1E>I5EXs FVs IFXEs NPVFCs NCOMP, YNORM)
SS=YCI1)-FV
SS0  WRITECIQUT, 10000 XCId,YCI)>, FV,SS
WRITECIZUT, 12500) YNDRM
RETURN ,
10000 FARMATC 4E1 4.R)
10100 FARMATC1HO0, 'FINAL DEVIATIONS*/1H , 1X, *FREQUENCY ', 3%
& *2BS*5 13X, 'CAL *5 12X, '@-C*)
10200 FARMATC1HO, 'INITIAL DEVIATIANS'/1H »13X, '@BS*, 13X, 'CALC's 12X,
x'0-C*) :
10300 FARMATCIHO, 'FAC=',E14.8,6X,*' PHICFAC) = ‘', E14.8)
10400 FARMATCIY , *RAW ', I12/CIH ,8E15.6))
10500 FORMATC140, *FINAL A TRANSPJISE A IS NOT P3SITIVE DEFINE®")

10600 FARMAT(1H4O0, * IN-L = '5E14.8,"' PHICIN=-L) = ', E14.8,
*' GAMA = ', F10. 4 ‘ '

10700 FARVMATC(1HO0, ' L7100 = ', E14.8," "PHICL/10) = ', E14.8,
** GAMA = ', F10. D

10300 FORMATC(3HOL » 7TE14.3/(3H 216X, 6E14.8))

10900 FOARMATCIHO, * L%10 = °",E14.8,"° PHICL#*10) V ', El14.8,

** GAMA = ', F10. 4

11000 FARMATCIH »,°'RIW*',I12/C¢C14 »8E15.6))

11100 FIRMATC 14O, * INVERSE MATRIX - LOWER TRIANGULAR P2RTIAN®)

11200 FARMATC1HO, "CIRRELATION MATRIX LAWER TRIANGUL.AR PORTI3N RAOW BY ROW
*PRINT®)

‘|300 FORMATC 140, ' VARIABLE®, 6X, "PARAMETER VALUE', 5X, ‘STANDARD ERR@R'/

B k (14O, AX, I12,9%X, E15. 65 TX5 E1 Qe 4))

11400 FARMATC 140, *THE DIAGANAL ELEMENT RESULTING FRM THE PARTIAL WRT
*B(',125°') IS = 0.D*/1H4 ,'THE POINT AT WHICH THE FAILURE @CCURED

- *IS*/CIH , TE14.3)) :

11500 FORMATCIHO, I TERATION °*»I13/71H » 7TE14.8/(C1H , 16X, 6E14.8))

11600 FOARMATCIHO, *DIR-VEC"'s 5X» 6E14.83/C 140, 12X, 6E14.8))

11700 FARMATCIH1, T3, °NPAR', T11, *NVAR', T19, 'NPTS*, T27, 'MAXITR®» T37, "1 W*',
*T42, *LINMIN ', TS56, 'EP'» TT1, 'DAC*'/1IH »,T4,12,T12,12, T20,125 T29,
*12,T37,12,T44,12, TS3, E10. 4, T63,E10. 4)
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11300 FARMATC(IHO/) 3

11900 FBRMAT(1HO, *GAMA = °*,E14.8, ' WHEN LAM = ', El14.8/

*14 , 'THERE PROBABLY EXISTS EXCESSIVELY HIGH CIRRELATIANS BETWEEN
* THE PARAMETERS")

12000 FARMATC(IHO, *THE (ATA +LAMxI) MATRIX FAILED T@ BE POS.DEF.")

12100 FARMATCI1HO, TE14e8/7CIH 516X, 6E14.8))

12200 FARMAT(1HO0, *3PTIMAL PZINT REACHED IV ',1S5, * ITERATI3NS®")

12300 FARMATC1HOs, '"MAXIMUM NUMBER 3F I TERATIBONS REACHED-BEST POINT PRIV
*TED*/)

12400 FARMAT(1HO, 'THE DELTA-B VECTOR REDUCED T@ CANVERGENCE LEVEL WHILE
*GAMA LESS THAN GAMAO. */1H , *THE PJINT IS PROBABLY QPTIMAL WITHIN
*RAUNDING ERR2RS. *)

12500 FIRMAT(1X, *NORMALIZATION FACT3R = ', El4.3)

END

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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SUBRIUTINE NEWLAMCATA,LAM, B1, ATF, AN S, EX> GAMA, FVAL UE, PHI »

&XsYs WTSs B> IDs IE,NVARSNPTSs NPARs I FAL, INX» I FXEs I R» NCOMP, YNIRM)

Cexexkkd® SUBRIUTINE VEWLAM skkkkkkkdhkhthhkihkhkkhrkkks
SUBRAUTINE VEWL.AM CALCULATES THE VYEW LAMBDA F3R THE LEAST

QOO0

3RIGINAL PRAGRAMER
M3DIFIED BY

SQUARES PRACEDURE CONVERGENCE ACCIRDING Td THE AL GIRI THM
STATED BY MARQUARDT (1963).

JORGE PARRA
JEFF DANIELS

ChrebharkhkbkhkhtrkheikhikkkikrkkkkhkkoRkikiorkkkkkrrkkerkers
DIMENSI2N ATACT, 7)»BICT)I, ATFC 7Y, ANSC7)» EXC D
DIMENSIAN YCIE)»XCIE), WISCIEY»BC(T)

40

S0

60

70

80

90

DIMENSION INXC(20), IFXECT)
REAL LAM
CIN=57.295779E0
IFAL=0
D3 10 I=1,VNVAR
ATACI, 1)=1.EO
ATACI» IY=ATACI,I)+LAM

-ERR2RX=. 001E+O

CALL DS?L (ATAs ATF,»ANS, 25, N VAR, ERRIRXs 10, IDETs 15 I FAIL)

FARMATCI S) ,
FARMATC 3¢ 4X5 E14.8))
IFCIFAIL.EQ. 1) GO T3 20
IFAL=1 ‘
RETURN :
D3 30 I=1,NVAR
ANSCIY=ANSCI)ZEXCI)
IFAIL=0
IF(NVAR.NE. 1) G@ T2 40
GAMA=0. EO
Gd T3 70
SUM1=0.EOQ
SUM2=0. EO
SUM3=0.EO -
D3 S0 I=1,NVAR
SUMI=SUMI+ANSCTI*ATFCD)
SUM2= SIM2+ ATFCI) %2
SUM3=SUM3+ANSCI) *x2
CO SGAM= SUM1/ SQRTC SUM2% SUM 3)
~UV=SQRT( 1. EO- C2 SGAM* CQ SGAY)
GAMA=ATAN (UV/ C3 SGAM) +* CaN
IFCCOSGAM. GT, 0. E0) G2 T3 60
GAMA= 180. EO- GAMA
IFCLAMLL T 1. EO) G2 T3 60
IFAIL=1 ,
IFCIFAIL.EQ.0) G3@ T3 70
1IFAL=2
RETURN
D3 30 I=1,\NVAR
K=INXCD)
B1¢X)=BC(K)+ANS(I)
PHI=0. EOQ’
DA 90 I=1,NPTS
NPVFC=1 '

CALL EMCALC(X»Bl,1Es1,EXs FVs IFXEsNPVFCs NCOMP, YNGRM)

PHIZPHI+(YCI)=FV) %24 WTSCD)
RETURN
END



SUBRAUTINE INVRT(N,A,IE,IFL)
Crikkkkkkkkkkkkkkhkkkkx SUBRFUTINE N VR Tk ook de ek ¥ ok e ook Kok d & ook ok ok &
C  T™IS PRIGRAM PERF2RMS A MATRIX INVERSIGON 3N THE

C Tw2 DIMENSI2NAL ARRAY A.
Chrkkekkkhkkkkkrkkhkkhhkhkkkkhkhkhkkkkkhkkkkkkkkkkhkdkkkrkdhkkrkkkres

DIMENSIAN ACT, T
IFL=0
D2 40 I=1,V
11=1+1
D2 40 J=1I,\N
Ji=J+1
X=AC1,J)
K=1-1
10 IF(K.LT.1) GO T3 20
X=X-ACJ1,X)*ACI1,X)
K== 1
Gd T3 10
20 IFCJ.NE. 1) G3 T2 30
IF¢(X.LE.0.E0) G3d T2 90
Y=1.E0/SQRTC(X)
ACT1,1)=Y
Gd T3 40
30 ACJ1,1)=X*%Y
40 CONTINUE
NL=v-1
D3 60 I=1,\NL
KL=1+1
‘D@ 60 J=KL,\
Z=0~E0
J1=J+1
K=J-1
50 IF(K.LT.1) Gd T@ 60
Z=27-ACJ1,K) *ACK+ 1, 1)
K=«-1
. G2 T9 SO
60 ACJ1,1)=Z%ACJ1, D)
J1=N+1
D3 80 I=1,N
D@ 80 J=1I,N
Z=0. DO
KL=.J+1
DO 70 K=KL,.J1
70 Z2Z2+A(K, JYXACK, 1)

30 A(KL,1I)=Z
RETURN

90 IFL=1
RETURN

END
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SUBRAUTINE DSAL (A, BsX,NAMAX, NA, ERRIRX»MAXI ToK» IENTRY, I SING)

T™IS SUBRAUTINE SALVES A SET 2F SIMUWLTANEQUS LINEAR EQUATIOANS
USING CRAUTS FACTARIZATION WITH PARTIAL PIVATING, EQUILIBRATIJN,
ITERATIVE IMPROVEMENT, AND DIUBLE PRECISIAN OF PRADUCTS T?d REDUCE
RIGUIND-3FF ERRGR.

SUBRGUTIVE PARAMETERS I...Ql...'..‘.........Q..O.....l.....‘.....‘

A = THE COEFFICIENT MATRIX

= THE CANSTANT VECTOR
X = THE SALUTIGN VECT3R C(INFARMATIAN RETURNED)
NAMAX = THE VUMBER @F ROWS IN THE DIMENSION @F A IN

THE CALLING PRGGRAM.
VA = THE VUMBER OF ROWS IN A
ERRARX = THE MAXIMUM ALLOWABLE ERROR BETWEEN SUCCESSIVE ITERATIGNS
MAXIT = THE MAXIMUM ALL@WABLE NUMBER OF ITERATIONS
« - = TME ACTUAL NUMBER OF I TERATIAONS PERFARMED C(INFARMATIAON RE
IENTRY = 1 ¢(FIRST CALL T3 SUBROUTINE)
. = 2 (SUBSEQUENT CALLS WITH UNCHMANGED A)

ISING = 1 THE MATRIX IS NN-SINGULAR CINFARMATIAN RETURNED)

2 THE MATRIX IS SINGULAR. PROCEDURE DI SCINTINUED.

IF A SINGULAR MATRIX IS ENCIUNTERED THE PRAOCEDURE IS DISCONTINUED
AND ERROGR MESSAGES ARE PRINTED @UT.

IF A SOLUTIGN IS REQUIRED FAR THE SAME A-MATRIX, BUT FAR DIFFERENT

B- VECTARS, THE SUBRAUTINE MAY BE SUBSEQUENTLY DIRECTED T@ ENTRY
PAINT -- TWa.
’ " PROGRAMED BY
DANALD SNYDER 1968
CAL@RAD3 SCHAGL @F MINES

i

DAUBLE PRECISION S

DIMENSION ACT57)sBC7)sXC7)»BIGBC7, 7)»QCT)>RCT
DIMENSIZN IPIVC(10)

19UT=2

G2 T3 (100,200), IENTRY

EVTRY‘. 0"8 0..0.0.‘..Q...QOQ....IO'OQO......QQ.Q......l...?....

CONTINUE . g -

STARE MATRIX A IN ARRAY BIGB
D3 101 1=1,NA

D2 101 J=1,NA
BIGBCI,J)=ACI, )

DETERMINE ELEMENT WITH MAXIMUM MADULUS IN EACH ROW. STORE IN Q.
D3 103 I=1,NA '
PLAINQ@=0.0

!



Q

Qaaa

o NeRe]

102

103

104
105

106

107

108
109

72

D3 102 J=1,NA
TEST=ABS(A(1,J))
IF CTEST. GT. PLAING) PLAINQ=TEST

CANTINUE
QCIdY=PLAING :
Bax 13 - - CHEM FGR s[“Gu—ARITY ® @ O 0 00 0000 00005 000 SO0 OO S SO s sV e

IF CPLAINQ.LT.0.1E~-30) G@ T2 301

CONTINUE

"DETERMINE THE ELEMENTS 8F THE L2WER TRIANGULAR FACT3R 3F A

ST3RE QVER BIGB
D3 110 IR=1,VA

AMAX=0.0

IRMAX=IR

LIvM=IR-1 :

D3 106 I=IR,NA
S=DBLE(BIGB(I,IR)Y) ,

IF CIR.EQ.1) G2 T2 10S

D3 104 J=1,LIM ‘
S=S-BIGB(1,J)*BIGB(J,IR)
BIGBCI,IRY=SNGL(S)
TEST=ABSC(BIGB(I,IRY/ZQCI))
IF ¢CTEST.LE.AMAX) G3 T2 106
AMAX=TEST

I RMAX=1

CANTINUE

ng 37 - CHEC‘FQR SI‘JGLLARITY ‘9 0000000000600 0000000000000000080000
IF (AMAX.LT.0.1E-30) G T3 302

OCIRMAX)=QCIR)
IPIVCIR) =IRVMAX

INTERCHANGE THE IR AND IRMAX ROWS 3F BIGB
D3I 107 I=1,NA

PLAINQ=BIGB(IR, 1)

BIGB(IR, 1)=BIGB(IRYAX, I)

BIGB(IRMAX, [)Y=PLAING

DETERMINE THE ELEVMENTS 3F THE UPPER TRIAVGU.AR FACT3R dF A
STARE 9VER BIGB

IF CIR.EQ.NA) GO T2 110

LAW=IR+1

D7 109 I=L2W,NA

S3DBLECBIGR(IR, 1))

IF CIR.EQ.1) G3 T2 109

D3 108 J=1,LIMv

S=S-BIGBC(IR>» J)*BIGBCJ, 1)
BIGBCIR,I)=SVGL(S/DBLECBIGBC(IR,IR)))
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200

201
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203
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205
206

207

CANTINUE

FACTARIZATION IS CGMPLETE- NOW FIND S2LUTION
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EVTRY -- TH’fJ ® 0 0 0060000500000 060000 0606000000000 060000 0000000000000 0000

CANTINUE

PRESET I TERATION PARAMETERS, AVD INITIALIZE S3LUTIAN AND ERRAR VEC

£=0

"TFIN=0

ISING=1

D3 201 I=1,NA
XC1)=0.0
RCII=BCD)

CaN TINUE

PERF3IRM F3RWARDS SUBSTI TUTIAN
D? 204 I=1,VA

L=IPIVCD) '

S=DBLECRC(L)Y)

RCLI=RCI)

IF (1.EQ.1) G? T3 204

LIM =1-1

DA 203 J=1,L1¥

S=S-BIGBCI,» J)*R(J)
RCIY=SVGL(S/DBLECBIGBCI,I)))

PERF2RM BACKWARDS SUBSTI TUTI2N
I=NA+1 ‘

D2 206 N=1,VNA

1=1-1 '

S=DBLECRCI))

IF Cl1.EQeNA)Y G2 TO 206

LAW=1+1

D3 205 .J=L2W,NA
S=S-BIGBC(I, D *R()

RCI)=S

CAYMPUTE N3RMS

ANIRMX=0. 0

AN@RME=0.0

IF (K.EQ.0) G2 T9 210

D3 207 1=1,NA

TESTSABS(X(I))

IF CTESTe. GTs ANGRMX) ANORMX=TEST
TEST=ABSCR(I))

IF (TEST. GT. ANORME) ANORME=TEST
CANTINUE ’

IF. (K«NEe 1) G2 TO 208
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C Bax 94- CHECK FGR SINGU—AR’ITY ® @ 0600686000000 0000000600000 0006000s00eas0
IF CCANARME/Z/ANIRMX) e GT« 0. 5) GI T2 303

203 IF C(CANIRMEZANGRMX).LT. ERRIRX) IFIN=1
210 CAINTINUE

Q0

CAMPUTE CURRENT APPROXIMATE S2LUTI2N
.D2. 211 I=1,NA
11 XCIY=XCI)+RCI)

aanN

C2MPUTE ERRAR AND STARE BACK IN R
D3 213 I=1,VA
S=DBLECBCI))
D3 212 J=1,NA
212 S=S-ACIsJI*XC)
213 RCI)=SVGLCS)
K=K+ 1
IF CIFIN.EQ. 1) RETURN
IF (K.LT.MAXIT) G3 T@ 202

C PRINT ERRGR MESSAGE AND RETURY
WRITECIBUT, 11) MAXITR
RETURN
301 1B2X=13
G? T2 304
302 1B2X=37
. G? T3 304
303 1B3X=94
304 WRITECIZUT, 12) IBAX

ISING=2
C
11 FEBRMAT(1HO, SAHSALUTIZN HAS NAT CANVERGED Td DESIRED ACCURACY AFTER
115,114 ITERATIONS)
12 FORMATC 140, 31HSINGULAR MATRIX DETECTED AT BOX,I13)
c

RETURN
END



c
c
c

C AND THE S3URCE RECEIVER SEPERATION.

c

SUBRAUTINE EMCALCCFF,Bs1E, 1, DERIVsFVs IFXEs NPVFCsNCAP, YNIRM)
Crkkkkkkrkkkkkkkkkk® SUBRIUTINE EMCAL C %ok % &k ok ¥k ok & k& ok dok ok

THIS SUBRGUTINE HANDLES BATH THE CALCULATION QF THE F@RWARD
SALUTI3N AND THE PARTIAL DERIVATIVES 2F THE F3RWARD

SALUTIAN WITH RESPECT T3 THE LAYERED EARTH PARAMETERS

Chkkkrkrrkdkktukkkkkdk VART ABL E Skokk ¥ f 4 & s ¥ ok de ok e ok o ke ko ok ok
FF= FREQUENCY IN HERTZ

c
c
c
c
c
c
c
c

F=
D¢

AN GULAR FREQUENCY

.

I>= NARMALIZED THICKNESS FOR THE I-TH LAYER
RKC(IY= NORMALIZED RESISTIVITIES FAR THE [-TH LAYER
DEL= M2DIFIED WAVE NUYBER

i

COMPLEX H,E

**t*******f*t*#*****‘k*#******************************

CAMMAN /PD/ EXX(6),HX( 6), DINXC6)»KFXEC6), ECsHZ,» ECRs ECI»HZRIHZI

& EXRC 65 EXIC6) 5 HXRC6)sHXIC6)
CAMMON /7 QC/DD(C3)» RXK(3), RHH( 3)» s DEL, RR
CavMMAN /CV/CLsDSs ANGs» Fs XX» TM

CAMMBN /PART/ RK(3), RHC3),HP(3),HPPC3), D(3)»

&X, R»NB

DIMENSI2N BC( 7)), FF(25), DERIVCT)» I FXEC 6)

R=B(1)

NB=2%\

D3 1 JCT=1,N
NCT=2%.JCT
RHCJCTY=BI(NCT)
HPCICTY=B(NCT+ 1)
CONTINUE.

D2 3 JC=1,\NB
KFXECIO)=IFXECJOD)
T™=12. 566371E~7
F=FFCI)*6.2831853
DEL=SQRT(2.*RY(1)>/(TM*F))
D3 2 JJ=1,N
DCJ.1)=2.«4PC.]J)/ DEL
RKCIJI)=RHCII/RHCI D
X=ALA GCR/ DEL)
P=1.001

RR=R

XX=X

D3 9 J=1,N
RHHC . JY=RHC.])
RKKC.JISRKC )
DDC.HY=DCD

CALL FVAL(E,H,NCAMP)
EC=CABS(E) ' ‘
47=CABSCH)
ECR=REAL(CE)

ARTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401 (

(o2}
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ECI=AIMAG(E)

HZR=REAL(H)

HZI=AIMAG(H)

IF(NPVFC.EQ.0) G? T9 17
IF(NC2MP. EQ.10) FV=EC/YNORM
IF(NCAMP. EQe 40) FV=EC/YNIRM
IF(NCOMP. EQe 70) FV=EC/YNQORM
IF(NCOMP. EQ. 20) FV=ECR/YNGRM
IF(NCAYPe. EQe 50) FV=ECR/YNGRY
IF(NCIMP. EQ.30) FV=ECR/YN2RM
ITF(NC21P. EQs 30) FV=ECI/YNORM
IF(NCAMP. EQ. 60) FV=ECI/YNORM
IF(NCAVP. EQ.90) FV=ECI/YNORM
TF(NCAMP. EQ.11) FV=HZ/YNORM
IF(NCAVP. EQ.21) FV=HZR/YNGRM
[F(NCOMP. EQ. 31) FV=HZI/YNIRM
CANTINUE

IFC(NPVFC.EQ. 1) GO TA 4

CALL PARDER (IFXE, DERIV,NCAMP, YNIRM)
CANTINUE

RETURN

END
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SUBRIUTINE PARDER(CIFXE, DERI Vs NC21P, YNZRM)
Ceexxxxx SUBRIUTIVE PARDER® % % % % % %k %k & 4 ¥ K & %k & % %k 3 ¥ f & 3 % % % %k Kk
C THIS SURRZUTINE CANTRILS THE PARTIAL DIFFERENTATIZN WRT THE
¢ LAYERING PARAMETERS (RESISTIVITY AVD THICKVESS)
Cle % % % ¥ % fe i i K S vk e e e e de e e e e e e ok ok e e vk ok e ok ok Ko e e ke ke de e ke e ok d ok K ek K ko ke

CAIMMAN /PD/ EXX(C6),HXC(6)» DINXC6)>»KFXEC(6), ECsH4Z, ECR» ECI>»

BHZR,HZL1, EXRC6) 5, EXIC6), HXRC 6),HXIC 6)

CAMMIN /73C/ DDC3), RKKC€ 3)» RHHC 3)»Ns» DELs RR

CAMMAN /CV/Cl, DSsANGs Fs XXs T™

CIMM3N /PART/ RK(3)5RHC3)sHP(3),HPP(3),

&D(3)sXs RoNB

DIMENSIAN DERIVC 7Y, IFXE(C &)

CAMPLEX H,E

JP=1 ,

IFCIFXECIPY.ER.0) G2 T3 6

P=1.001

RR=P%RR

XX=AL2G(RR/ DEL)

DINXC JP)=RR-R

CALL 'FVALCEs Y5 NCIYP)

EXX(C.JPY=CABS(E)

HXC JPY=CARBS(H)

EXRCJPY=REALCE)

EXICJPY=AIMAGCE)

HXRC JP)=REAL (H)

HXIC.JPY=AIMAGCY)

XX=X

G3 T2 17

6 EXXC JPY=EC

HXC JPY=HY7

EXRC.JPY=ECR

EXIC¢ JPY=ECI

YXRCJPY=HZR

HXICJPY=HZI

7 JP= JP+ 1

‘D3 12 J=1,N

IFCIFXECIPY. EQ.0) G2 T2 8

RYHC 1) =P+ RYC J)

REKCJISRHH( 1)/ RHH (D)

DINXCJIPY=RHHCJ)-RH (D

CALL FVALCE,H4,NCIMP)

EXX(.JP)=CABSCE)

HXC.JPY=CABSCH)

EXR(JPY=REALCE)

EXICJIPY=AIMAGCE)

HXRC JPY=REAL(H)

HXTICJPY=AIMAGCH)

RHHCJY=RHC.DD

RCK ¢ JI=RKC.J)

Gd T2 13

3 EXXCJPY=EC



13

10

HX( JPY=HZ

EXRC JP)=ECR
EXICJPY=ECI
HXRC.JPY=HZR
HXTICJPY=HZ1

JP=]P+ 1

IFCJ.EQ.N) GA T2 12
IFCIFXECIPY.EQ.0) G? T2 10
HPPC.J)=PxHPCD)

DDC J)=2. «{PP(.J)/ DEL
DINXCJPY=HPPC(JY-HPC(D)
CALL FVALCE.H,NC34P)
EXX(.JPY>=2CABS(E)
HXC(JP)Y=CABS(H)
EXRC.JPY=REAL(E)
EXICJPY=AIMAG(E)

HXRC JPY=REAL ()
HXTICIPY=AIMAGCH)
HPPC 1) =YP(D)

DDC J)=2.«HPC(.J)/ DEL

G2 T2 12

EXXCJPY=EC

HXC.IP) =42

EXRCJPY=ECR
EXIC¢JPY=ECI
HXRCJIP)=HZR
HXICJIPY=HZI

JP=JP+ 1

CAONTINUE

CALL FINDIF (NB»NCOMP, DERI V)
D2 19 JP2=1,NB
DERIVCJPZ)=DERIV(JPZ)/YNORM
CAONTINUE

RETURN

END

78
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SUBRAUTINE FINDIF (NBsNC2MP, DERI V)
Crrkkihkk ke SUBRIUTINE FINDI Faeok ek sk ok o ok e sk dok ko 50k e e ook d ok ok ko ok
C ™IS SUBRAGUTINE CALCULATES THE PARTIAL DERIVATIVES 3F THE
C PARAMETERS USING FINITE DIFFERENCES
O 30 4 4 4 e e e e e e e e ek e o ok ek o o e o ok ke ok i i i o R R R ke ok ok ok kR K

COMMAN /PD/ EXC6)5>HX(6)5 DINXC6), INXC6)5 ECsHZ, ECRs ECI,HZR,HZI,
&EXRC 6), EXI( 6),HXRC6)5>HXI( 6)
DIMEN SI2N' DERIVC )
D3 1 JP=1,\B
IFCINXCIP).EQ.0) G2 TQ 2
IFCNCAMPEQ.10) G3 T3 10
IF(NCAMP. EQ. 40) G8 T3 10
IF(NCOMP.EQ. 70> G3 T3 10
G3 T2 3 ,
10 DERI VC JPY=CEXCJP)-EC)/DINX(JP)
1005 FARMAT(3(2X, E14.8)) ‘
G2 T2 1
3 IFCNCAMP.NE. 11) G2 T3 4
DERI VCJPY=C(HX(JP)=HZ)/ DINX(JP)
Ge T2 1 '
4 IFCNCAMP. EQ. 20) GA. T2 11
IF(NCOMP.EQ. 50> G3 T3 1t
IF(NC2vP.EQ.30) G3 T3 11
Gd T@ S
1 DERI VCJP)=CEXRC.JPY-ECR)/ DINXCJP)
G? T2 1
S IF(NCOVMP.EQ.30) G T9 12
IF(NCAMP.EQ. 60) G3 T3 12
[F(NCAMP. EQ.90) G3 T@ 12
Gd T3 6
12 DERIVC.JP)=CEXICJP)~ECI)/DINXCJP)
G2 ‘T2 1
6 IF(NCOMP.NE.21) G2 T@ 7
DERI VCJP)=(HXRCJP)Y-HZR)/ DINXCJP)
Gd T2 1
7 IF(NCOMP.NE.31) G& T2 1
DERIVCJPY=(HXICJIPY-HZI)Y/DINXCJP)
Gd T3 1
2 DERIV(JP)>=0.0
1 CANTINUE
RETURN
END



$0)

SUBRIUTINE FVAL CECsH,»NCAMP)
Crhkekkkkkkkkkkkk SUBRIUTINE FVAL ok sk teofeok ke o ok ok ok o de ok e ok ook ok ok ok ok ok &
C THIS SUBRAUTINE CALCULATES THE F2RWARD SALUTION 3N COMMAND FRIM
C EMCALC USING LINEAR DIGITAL FILTER THEQRY
Cc
Crok fdek de ook ok ek ok kok kokok ok ook VART ABL E Sokeoke ok ko ook ol ok ok fok ok ok ok ok ok

C CH= CAEFFICIENTS FAR CALCULATING THE J1 HANKEL TRANSFIRM
C YM= ABCISSA VALUES F@R CH

C CE= COEFFICIENT F2R CALCULATING THE JO HANKEL TRANSF3RM

C YE= ABCISSA VALUES F2R CALCUWATING CE

C SWM= CAINWLUTIZ2N SUM FAR HZ .

C SUEY1, SUEX1, SUEYO, SUEXO, ARE AS DEFINED 2N PAGE 10 9F THESIS
C SUEY!l= CONVILUTIAN SUM FAR EYI

C SUEX1= CANWAUTIZN SUM F3R EX3

C SUEYO= CANVILUTIZN SUM FOR EX1

C SUEX2= CANWLUTIAN SUWM FAR EX2

C Hi= CLOSED FaRM HOMEGEN@US HALF-SPACE EXPRESSION FOR HZ

C EX1= CLASED FORM EXXPRESSION FOR A HOMOIGENZUS HAL F- SPACE
(o ( X=-COMPANENT) ' ,

C EYi= CL2SED F@RM EXPRESSION F3R A HOMAGENOUS HALF-SPACE
Cc - (Y=-C3VMP3NENT)

C EX= X-CAMPONENT 2F THE ELECTRIC FIELD FOR A LAYERED EARTH
C EY= Y-COMPONENT 9F THE ELECTRIC FIELD FOR A LAYERED EARTH
C EC= C?vMBINED ELECTRIC FIELD F3R A LAYERED EARTH

C Fi1= LAYERED EARTH CORRECTIAN FACTOR

C Z1= LAYERED EARTH CORRECTIAN FACTOR

C Vi= NIRMALIZED FIRST LAYER PSEUD3 WAVE NUMBER

C ,

C .
Cttt*t********t*t***tf**#*****##**t****t******#*****#t*t#t#*t

CAMM3N /CV/ CI,DS»ANGs FsX, T™

CAMM2N /QC/ DC3), R 3)5 RH( 3),Ns DEL» R

"COMPLEX EX1,EXO, EY1, EY0, SUEX 1, SUEXO, SUEY 1, SUEY 0, EX» EY
COMPLEX Hs V1, F1, SUIMsZ15,E1,EC,H15Cl,C2
DIMENSIAON YH( 48), CHC 43),YEC 61), CEC61)  ——
DATA ,

&YH/=- 4. 530731 6E 0s - 4. 3004731E 0, - 4. 07021 46E 0, -3.8399S61E 0,
- 3. 60969 76E 0,-3.3794391E 0,-3. 1491806E 0,-2.9189221E 0,
-2, 688 6636E 0,-2. 4583 4051E 0,-2.2281466E 0,-1.9973881E 0,
~1+7676296E 05-1.5373711E 05-1.3071126E 0,-1.0768541E 0,
-8+ 4659 563E-1,-641633713E-1,-3.86078 63E-1,-1. 5582013E-1,

—

Re M Qo e Qo 2 Qo R o P R

DATA
&CH/ 3

7. 4433 369E- 2,
9.9547237E-1,
1.9165064E 0,
2.8375404E O,
3. 758 STA4E 0,
4. 679 608 4E O,
S. 6006424E 0,

«1010561E- 6»

49098 669E

3.046968TE~1,
1.2257309E 0,
2.1467649E 0»
3. 067798%E O»
3.9888329E O,
0»

5.8 309009E O,

1.830Z2098E~S»

S5« 349 5537E-1,
1. 455939 4E O,
2. 3770234E O,
3.2930S74E 0,
4. 219091 4E 0,
Se 1401254E O,
6. 061159 4E 0,

Se 4819 540E- 5s

7. 652138 TE- 1,
1. 6362479E 0,
2. 6072319E 0,
3. 5233159E 0,
4. 449 3499%E O»
S« 370333%E O
642914179E 0/

9.2891602E~ 6,

& 1e 5523239E- 4, 3f°344652E'5’ 30 5333 T44E~4s 1. 4793002E- 4



5. 3570357€E- 4,
4, 579 6503 E- 3,
3. 0853660E-2»
1« 6353574E-1,

& 7. 7342377E- 4»
& 3.924768 3E- 3,
& 2. 19338 415E-2,
& 1. 1775455E-1>»
& 2.8059235SE-1,
& -3.6077766E-2,
3
¥}
&
3
DATA

1. 28758 40E-1,
4, 298 563 3E- 1,
3.9316746E-2,~ 7+ 4344203E-2,»
1.8346544E-2,-1.215868 7E- 2,
3. 7554604E-3, -2, 5929 707E- 3»
8¢ 409 523 6E- 45 - 5. 6TA9 T4TE- 4>

1. 71 TO60S5E- 3,
9.2111468E-3,
S. 197359 4E- 2,
2. 3127545E-1,

1. 6337239E- 3,
1.2130467£-2,
T. 4661 566E-2,
2. 7363 461E-1,

=1« 5330437E~1,~4. 5659951E-1,
~2.1506075E-1,-2. 3624312E-2,

4.85729 65E~2, - 3. 00833 72E-2,
B8.0708759E=35~5. 4706275E~ 3»
1. 7909 426E~ 3, -1.2320277E- 3,

3. 7718 A05E- 4, -~ 1. 53913 35E- 4/

&YE/-6.8343046E

Re o R 0 20 20 R0 P Qe Qe R0 D M o Qe

=5.9137706E
- 4.9927366E
- 4.0717026F
- 3. 1506683 6E

=1. 308 6006E

0, =~ 6. 6045461E
0s,~5.6335121E
05~ 4. 7624731 E
0, ~-3.841 4441E

7. 6372592E-1,
1. 68347599E 0,
2. 60579 39E O,

05 - 4. 532219 6E
0,-3. 6111856E
0,~2.9204101E 0,-2. 690151 6E
=26 2296346E 05,=-1+49993761E O05-1. 76911 T6E
0,~-1.0733421E
-3.8756653E-1,-1. 5730303E~1,
5. 33467 42E- 1,
1. 454501 4E O»
2. 3755354E 0,

3. 296569 4E 0,
4.2176034E O,
S. 138 6374E O,
6. 059 671 4E O,
6.93070S4E 0/

3. 5263279E O,
4., 4473 619E 0,
5. 36389 59E O,
6. 2399299E 0,

7.29 5041 6E-2,
9.9 398 442E- 1,
1.9150184E 0,
2.8360524E O,
3. 75703 64E O,
4., 6731204E O,
S. 5991 544E 0,
6. 520188 4E O»

"0s= 6437428 T6E 0,5~ 6+ 1440291E O,
0, =5« 4532536E 0, - 5. 2229951E 0,
05 - 4. 3019611E O,
0,-3.3309271E O,
0,-2. 45989 31E O,
05-1.5338591E O,
05-8. 4303358E-1,-6.1732503E-1,

3.0320392E-1,
1.2242429E O,
2.1452769E O,
3. 0663109E O,

DATA

&CE/ 7. 32609 37E- 4,

3. 5918 326E- 4,
1.2341617E- 3,
3¢ 6321245E- 3,
9. S527062E- 3»
2. 439 6626E-2,
6. 082430 6E~2,
1.33683663E-1>»
1. 5556741E-1,

Se 6326423E- 4,
1. 0500608E- 3,

24249798 S5E- 3,

5..2376028E~ 3»
1.2708 61 SE- 2,
3. 1333652E-2,
T« 631 4344E-2,
1. 62483 47E~ 1,
6.83592431E-2,

R0 20 Qe o 0 0 Qe 0 0 RV Qe Qe Lo RO Qe

SUEX 1= CMPLX( 0+ 0, 0. 0)
SUEY 1= CMPLX( 0. 05 0. 0)
SUEX 0= CMPLXC 0.0, 0. 0) .
SUEYO=CMPLXC 0. 0, 0. 0)
SUM= CMPLX ¢ Qs 05 0. 0)

BB=EXP(X)

Cl=CMPLXC0.0, 1.

(0))

2+ 141 6490E-1,

~3+ 5565260E~1,~ 5. 6288 677E~-2,»
~2. 6102939E- 1,
= 5.1097323E~ 4, - 6. 60329 43E- 3,
5.8044372E~ 3, - 4. 935439 4E~ 3,
3.2266260E~3,-2.3649137E-3»
12-{l151875'3o~1o9334662E-3’
1., 346831 7E-~ 3/

1. 372723 7E- 4,
7. 1530982E- 4,
2.190618 6E- 3,
5.9212519E-3,
1. 5305539E-2,
3.8683065E-2,
9. 3928 346E-2,
1.83114332E-1,

398 73449E O,
4.908373%E O,
5.8294129E O,
6. 7T5S04469E O,

7. 5331222E- 4,
1« 51 60070E- 3»
3. A076732E- 3,
8+ 1315877€- 3,
1994108 6E-2,
4.912799 3E-2,
1. 1545027E-1,
1+8424433E-1,

-8.8339029E-2,-2.8819226E-1,

4818 69 42E~-1,~ 5. 151 6453E-2,

-9. 449068 TE- 2,
7+ S193619E~+ 35~

2. 6196370E-2,
6« 78 S4344E- 3,

4. 23231 06E~ 35 -3+ 6733648E-3»
2¢ 5677630E- 3, -2+ 3202655E-3»
1. 7800243E~-3,-1+ 6465436E- 3,

81



C2=CMPLX(C1.051.0)
C*\H:*****tt*t**********t*#*********#*t*
CALCWLATE THE FIRST @RDER HAVKEL - TRANSFORMS
Ce e e e e e e e sk ek e e e o e ofe ok e ok e e e e e ok e oK s o ok ok ok o o o ok ok ok ok

D3 8 J=1, 48

Y=ZEXPC=(X=YHCJ)))

CALL CALC(F1,Z1,V1,Y)

EX1=Cl#VI*(Z1-1)+2.«VI*(1=F1)/C(Y+VI*F1)%C(Y+ V1))

SUEX 1= SUEX 1+ CHCJ) *EX1

H=YxY%Vi%xCl.-F1)

H=H/CCY+VIKF1) xCY+ V1))

- SUM=SUM+ CHC ) *H
3 CANTINUE

SUEY 1= SUEX 1

H=(1/BB)% CI*DS&SINCANG)*SUM/( 6. 28318 S3%DEL « DEL)

R2=R%R ;

H1=23e~(3.+3.0xC2%«BB+2. *C1%BBx%2)% CEXP(~-C2«BB)

H1=(- CI*CI*DS*DEL*DEL*SIV(AVG)*Hl)/(12.566371*R2tR2)
12 FARMAT(2C 1X, E14.8))

H=H+H1

IF(M3D(NCOMP, 10).EQ. 1) G2 T3 6

SUM=CMPLX( 0. 05 0. 0)
Ctt******t***tt*******t*#t*****ft**********
CALCULATE THE ZER@TH 2RDER HANKEL TRANSFARMS
Cﬂr*t*t*********t***}****t**t#***t************

D3 4 1I=1, 61 . .

Y=EXP(-(X=-YECI)))

CALL CALCCF1,Z1,V1,Y)

EYO=Y4CCI*VI*C(Z1-1.)42:.4VI*C1e=F1)/CCY+VII*CY+VI*F1)))

EX0=CCASCANG) %42/ DEL)*EYO-C1/DEL) *2. %Y% VI*(1e=F1)/

ECCY+VIXF1)*C(Y+V1))

SUEX 0= SUEX O+ CEC 1) *EXO

SUEY 0= SUEY O+ CECI)*EYO

EC=Cl%V1«Y*(Z21-1.0)/2.0

ECZEC-Y*VI*(1.0-F1)/CCY+VI%F1)%(Y+V1))
4 SUM=SUM+CECI) *EC

EC=Cl1*TMxFxCI*DS* SIN( 2. %*ANG) * SUM/( 12. 566371 % DEL*BB)

El=z-. 500+(1+C2«BB) *CEXP(~C2%BB)

E1=CI®*DS#«RHC1)*SINC2.xANG) *E1/( 6. 23 318 S3%*R*R2)

EC=E1+EC ‘

EX=CCl1«T™M*xFxCI*DS/(12. 566371%BB) ) *( SUEXO- C3 SC 2. AN G)

&*x SUEX 1/R) , ,

EY=CCl«TMxF&CI*DS/C12. 566371%«BB) Y% SIN( 2. *ANG) % (= SUEY 1/R

&+ SUEY 0/ (¢ 2. *DEL)Y)

EX1=CI+*DS*RHC1) % (3% CISCANG) *¥*¥2-2)+C1.+( 1+ C1)*BB) *CEXP(-C2%BB)

&)/ (6. 2831853%«R¥R2)

EY1=3. %RYC 1) % CI* DSk SINCANG) *C3 SCAVG) 7 ¢ 6. 23 318 S3kRER2)

EX=EX+EX1

EY=EY+EY]

IF(NCAVP. GE+ 10. AND.NCOMPLE. 30) G3 T2 7

I F(NCOMP. GE. 40. AND.NCaMP.LE. 60) G3 T3 11

82



1

I FCNCAMPe GEs 70 AND. NC2MP.LE.90) G3 T3 9
EC=EC

G3 T 6

EC=EX

G3 T2 6

EC=EY

CANTINUE

RETURN

END
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SUBRAUTINE CALC(F15,Z1,V1,Y)
C ¥ 4 e i e 4 e o e e 3ok e e ok oK e e e ok e e e sk e e s o s e e e ol ol s sk e ok ok e kok R K K K
C SUBRBUTINE CALC CALCULATES THE LAYERED EARTH CORRECTI@N FACT3RS
C CF1 AND Z1) F2R UP T3 3 LAYERS¥®%kkkk ki dokdkkdkokkk Rk ¥k
CoMMAN /QC/ DC3)»RX(3),RH(3),Ns DELSR
COMPLEX V1,Fl1, V2, AEX»2Z1
Y2=Y%xY
T=2+« %*RKC(N)
V2= CSQRTC(CMPLXC(Y2, T))
D3 9 LL=2,N
IFCLLeGTe2) G T2 4
F1=CMPLX(1.05,0. O
Z1=CYPLX(1.0, 0. 0)
4 I=N-LL+1
DD=D(1)
T=2.%RK(C1)
V1=CSQRT(CMPLX(Y2, T))
AEX=C1.~CEXPC(~VI1%*DD))»/(1.+CEXP(-Vi%DD))
Fl12(V2«F1+ VIkAEX)/Z/C(VI+V2kFi1xAEX)
Z1sSCV2RRHCI+ 1)%Z 1+ VIAKRHCII®AEX)/CVIRRHCI)+ V2%kRH(I+1)%Z1kAEX)
9 ve= V]
RETURN
END
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