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ABSTRACT

i
A resistor network is a powerful tool in modeling

geoelectrical discontinuities on a field generated by an
electric dipole source. In “his paper a serles of computer
programs 1is developed to evaiuate fhe potential field, total
" electric field, and apparentlconductance for an earth model
consisting of a thin conductive layer over a resistive
basement. ;

Two different sets of models were studied. The first
set includes a dike (1 unit wide anﬁ infinitely long), a
dike (1 unit wide and 11 units long), a contact, and
square discontinuities. For the first set a current of
100 amps was used. The second set of models includes faults
and dikes parallel and neralrto the source. For the second
set a current of 1 amp’wgé\uSed.

From the comparlison between results obtained analyti-
cally and results obtalned with the resistor network wé
observed a good agreement between them except for the case
" of a conductive dike parallel to the source.and a resistant
dike normal to the source.

From the interpretation of field results obtained on
the Black Rock Desert area of northwestern Nevada depths to
the basement of 1000 m and 150 m were obtained for the Black
Rock Desert and the southern portion of the Hualapal Flat,

respectively. The results also lead to conclusions on

11 ARTHUR LAT3S }



changes. in depth and/or resistivity in the area.
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INTRODUCTION

Generally in direct current methods we are interested
in the potential, or the electrical field in the earth due
to a current driven into the ground through one or more
galvanic contacts,

In the d.c. technique known as dipole mapping current
i1s sent into the earth through an electric bipole and
voltages are measured using two orthogonal dipoles.
From-thesg measurements, the total electrical field, ap-
parent reslstivity or, in some cases, apparent conductance
can be obtained on the surface of the earth in all direc-
tions away from the dipole source (Keller, 1966; and
Furgerson and Keller, 1974).

Analytical solutions for a layered earth and other
simple geometries are well discussed in the literature
(Keller, 1966; Bibby and Risk, 1973; Lee, 1973; and Fur-
gerson and Keller, 1974).

When the geometries being modeled are not simple
numerical techniques should be applied. In modeling
an earth comprised of a thin conductive layer over a
resistive basement we have used here a finlte resistor
network as an analog to the conductive layer and assumed
that in our earth model all the current driven into the
ground flows only in this top layer. A reslistor

network does not give results as precise as an analytical
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solution buf, on the other hand, is far more powerful
concept for modeling complicated geoelectrical discontinuities,
In this report, a bipole current source is simulated in
the center of the resistor network and the potential field
is obtained at all mesh nodes. The total electric field is
obtained by calculating numerically the gredient cof the pcten-
tial field'throughout the entire network. From the total elec=-
tric field distributions we obtained apparent conductance maps
using an equation presented by Furgerson and Keller (1974).
Potential field, total electric field, and apparent
copductance maps were obtained for two different sets of
models., The first set includes a dike one unit wide and in-
finitely long (infinite dike), a dike one unit wide and eleven
units long (finite dike), a vertical contact, and a square
ﬁiécontinuity symmetric and &asymmetric to the source. A
second set of models waé'studied in order to compare apparent -
conductance maps obtalned with the resistor network technique
and maps obtained analytically by Furgerson and Keller (1974).
This set of models includes a resistant dike, a conductive
dike and faults.
As an example, the resistor network proéedure is used
in the interpretation of dipole mapping surveys ocarried out
in the Black Bockaesert area in the State of Nevada. Here
the apparent conductance maps obtained from two different

sources are compared to maps obtalned by the numerical

procedure.



REVIEW OF THE LITERATURE

The use of resistor networks for the solution of
Poisson's equation or Laplace's equation i1s not newvin the
sclentific literature. The first successful use of a resis-
tor network was made by DePack (1947) when the solution of
‘Laplace's equétion was obtalilned through a finite difference
scheme. In 1948, Bedéhaw published a feport on an elec-
“trical potential analyser by means of which solutions of
Polsson's equation were obtained.

Liebman (1950, 1953, 1954a, 1954b, 1955a, 1955b,

1956, and Lietman and Balley, 1954) is credited with placing
the technique on a'firm scilentific basis and leading it

into the highly accurate level that it represgnts today.
After his first work in the solution of partial differ-
ential equations, he éfudied the accuracy problems on a
 network analog using unequal or subdivided meshes. In

the solution of field problems through the use of a net-
work, he applied the technique to the study of plane stress
problems, heat conduction problems, and elastic vibration
problems.,

In 1958, Karplus published a book titled Analog
Simulation, where the use of resistoi networks 1is discussed
in detail. His book not only deals with resistor networks
but also finite-difference techniques, plate'analogs. and

non-passive networks, as well.
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After the basic work of Liebman, papers followed
dealing with field problems on well-logging (Guyod, 1955),
accuracy on a network (Landau, 1957), and modeling of elec-
tfical measurements in porous media (Rink and Shopper, 1968;
and Greenberg and Brace, 1965).

In more recent years Jeilito and Borm (Jellito, 1969;
‘Jellito and Borm, 1970a, 1979b; Borm and Jellito, 1972; and
Borm, 1972, 1973) developed the theory of a network analog
for geoelectrical measuremen;s. They modeled a layered
earth, in two and three dimensions, and obtained apparent
resistivity sounding curves fgr the Schlumberger array for
the case of two and three layers. Thelr work also includes
the modeling of layered earth and hydrology problems using
conductive plate analogs. The solutlon for the potential
field on the analog is obtained by finding the Gfeen's_func-
tion of a current source for the potential in the conductive
plate, then, the potential distributlon induced by the known
initial current density is obtained as a superposition by

summing the currqnt density function over the plate.



T-1746

E_GENERAL BRESISTOR NETWORK SOLUTION

The geoelecfrlcal response of a fleld system which
cannot be analysed by an analytical procedure can often
be determined or at ieast outlined through an electric
analoge

In most of the works published to this date on the
use of a resistor network for the solution of field prob-
lems the authors were attempting to solve Foisson's
end Laplace's equations by the numerical technigue of
finite difference method (DePack, 1947; Liebman, 1950,
1953; Guyod, 19553 Landau, 19573 and Karplus, 1958).,

In this technique the differential equation in question
is replaced by 1its corresponding difference equation.

Consilder, for example, Laplace's equations

div 8I’ad U=0 (1)

where U is an unknown scalar function of the space car-
tesian coordinates x and y (assuming a two dimensional
cartesian problem).

Before the difference equations can be written a
discretized coordinate grid must be superimposed upon
the field and the nodes on the grld glven consistent
numerical coordinates (Fig. 1).

Using the forward- and backward-difference spproxi;
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Figure 1. Two-dimensional field with finlte difference
grid and typlcal mode cross.

mations for first derivatives (Hildebrand, 1974), we can
write:

dU > ~ Ug - U
OX Je.g

AX (2)
OX Av-c AX
a)’ c-N A),
( oV ~ Ue - Us

2y /s-c | A}’



T-1746 7

For the second derivatives we have (Hildebrand, 1974)

( 22U 1 (Us +uw_7_uc>

~J
P
n—

o x2 C AXZ

(3)

AU 1
('byz>c_ = A),z(UN+U5-ZUc>

Therefore, the two dimensional Laplace's equation will

become
2 . : ' 1 sy |
v U= _l;z (UE +UW -ZUC> + Z—;Z(UN'!'US 2UC)=O (4)

1f we make Ax = Ay = h we have:

2 ., Uy+ Ug+Ug +U,, -4V
vz 2 sh: - =0

or

2.~ Un=-U. Usg-Uc Ug -Ue Uw - U
AU S = = — e =% (5

Now, let us consider a node on the résistor network

(Figo 2).

Vn
lnl Rn
le
Vw Rw . Ve
3 a'ave
— Re
Iw
Rs Ils
<D
Vs

Pigure 2. Typlcal node on the resistor network.
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Using Kirchoff's current law we can write
Ln *+ g+l +1,, =0 (6)

or

VN "VC + Vs - Vc VE - Vc - Vw - VC

R Re " Re = =0 (7)

By comparison of equations 5 and 7 we see that poten-
tial U and voltage V are analogous quantities provided that
the resistors are proportional to hz. This analogy allows
several problenms to be reduced to the finite difference
algorithm,

Another technigue that can be applied as a modeling
tool for geoelectrical problems 1s the finite element
method. This method 1s well established and has been
described in detall by Zienkiewicz (1971). Applications
to electrical and electromagnetic problems are presented
'in a paper by Coggon (1971).

The finite element method relies on some variational
principle valid all over the region in consideration. For
-example, in electromagnetic scattering problems use 1s
made of Hamilton's principle: Electromagnetic fields be~
have in such a way that total energy is minimized.

The main difference between the finite difference
and the finite element techniques is that while the first
approaches the solution of the differential equation direct-

ly by approximating to those in a discrete manner the finite
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element method deals directly with an approximate mini-
mization of a functionsl,.

Following an outline by Zilenkiewicz (1971) let us
derive the solution of two-dimensional Polsson'!s equation
by the finite element method,

Suppose that the equation

3%V %2 U
2 x2 + Q y?

+C=0 (8)
48 valid in a region V and subject to the condition
U=Uy, (9)

at the boundary C (Fig. 3a).

(a) (b)

Figure 3. a) Reglon where Poisson'!s equation is valid.
b) PFinite elements on region V.

Using calculus of variations we can write an equiva-

lent expression for equation 8 (Hildebrand, 1965)

17208 1 /a0 ¥
Z’][['E(S? +‘E(7>7>+CUJd"d7 (10)
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The solutlon of Poisson's equation is the same funce-
tion U that satisfies the boundary condition and minimizes
equation 10,

If we break the region V into finite elements (Fig. 3b),

then in each element we have:

B T

where {Uf!represents'the valués of U at the elehent ngdes
and [N] 1ist the coordinates of the nodes only.

Assuming that [N] 1s specified in such a way that U
is continuous between elements, we can place our attention
on a single element.,

Substituting (11) into (10) and integrating over an

element area we obtains

)l () 556 )-cZiesey

3N; DN - ON;
— .U + ———i . .. D +
H K’bx TR it 2%

Ve

ON; ON; 2N; '
+(-5—>-,—'Ui + —3 U‘;-l' _5—." - CN']dXdy -(12)

Y

or

2N [k]e{.u}ea. {F}e (13)
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The minim;zing set of equat%ons will be

= L))
(k1= [x]°

{F}= > {F)°

The substitution of boundary conditions and evaluation

where

of the system of linear equations will give the solution.
If we conslder the finlte elements as made up of inter-

connected resistors we can write by making use of Ohm?!s law

(Fig. 4). 1
I. = —( V. -V,
(8 Re( | J) (15)
1
IJ = RE (-\/J -V‘)

or in matrix notation

(i =wln T

J

B

In order to obtain the result for a complete network

or

it is assumed that the potential is continuous at nodes and
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Figure 4. A finite element made up of resistors.

a current balance is imposed theree If an external input

of currenf P; 1s present we can wrlte

h
P; = 21 2 Kim Ven. (17)
ms ‘

where the second summation 1s over all elements and for

all nodes.

Rewriting (17) in matrix form we have
e} =<1

e

By comparison of equations 11, 16 and 18 we see that

where

resistor networks used for modeling of gecelectrical
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problems can be solved by the finite elément method.

In this report, we are concerned with the simu-
lation of a specific field problem. This problem can be
stated as such: given a bipole current source find the
total electric fleld everywhere on the surface layer. As
was mentioned before the earth model 1s assumed to be a
thin conductive layer over a resistive basement. Assuming
that current will flow only in the surface layer we can

replace 1t by a network of resistors as in figure 5.

1
BN
\”j“"”""
T

:

|

i
B

1

:||_¢w+
i

]
| ]

¢

et
i

_:[:_

$
'll——m-——-m-———vw——

:
|||—m—-—vw VWA

¢
lll—vvw—é—-ww AAA

Filgure 5. Resistor network analogue to a thin conductive
layere.
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An electrical bipole is simulated at the center of the
network by feeding a current +I and a current =I into two
different nodes. These nodes can be adjacent or not to
each other. Square meshes are used in the network and the
resistors willl be in analogy with resistivity 1if we take
the resistivity unit as ohm. unit lengthe.

It was assumed that at great distance from the source
the potential vanishesAand, therefore, the most external
nodes of the network weré grounded.

‘ The voltage on each node will be in analogy with the
potential'and can be fcund with respect to the reference
nodes by.solving a system of linear equations.

As an example let us solve the simple network presented

in Figure 6.

Figure 6. Resistor network with 9 nodes and square meshes,
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In order to write the system of'equafions we apply
Kirchofft's current law to the ncdes at which voltages are
defined. For simpliclty, let us assume all resistors with
the same value R and at node 5 we feed a current I.

Then We can write

o=2tvieiv el -vy)edvy-wy
o=%v2+%(vz-v1)+%(v2-v3)+%(vz-v5)
o=Lvyel(vy-vy) vl vy
o=%yu+%(vu-v1)4%{-(vu-v5)+%(v4-v?)
I=%(V5-Vz)+%(VS-V6)¢%(V5-V4)¢

i (Vg - Vg) (19)
Ao=%v6¢%(v6-v3)+.§(vé-v5)+%(vé-vg)
o=%v7¢%(v7-v8)+}ﬁ(v7-vu)4%v7
o=%v8+%(v8-v7)+%(va-vg-)-»%(va-vs)

1 - 1 -
v9+§(v9 v8)+§(v9 Vg)

i
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Rewriting equations 19 in matrix form we haves

0 4 1 o 1 o 0 o0 o0 o
R "R R V1
1 4 1 1
0 I T § 1L 0o 0o o o
R R "R R V2
0 o =L 4 o o 1 o o o
R R R V3
0 1 o o & 21 o 1 o o v
R R R R b
il &0 L o L & 1 o .1 o v
R R R R R 51 (20)
0 o o 1 o 1 & o o _% Vg
R R R R
0 0 0 o0 =L o o & 1 o v
R R R 7
0 o o o o 1 o 1 4 _1 v
R E ® "R 8
0 o o o o o .1 o .1 I Vg
R B R

The_solution of the system of linear equations ex-
pressed in matfix form in 20 will give the voltage in
each node of the network. It should be noted that this
type of reslstor network ylelds a coefficient matrix,
symmetric and sparse in the sense that all non-zero
terms are situated on a band centered on the maln dlagonal.
‘These features will be of great use when & bigger network
is used for modeling purposég as can be seen in the next

section.



MODELING A CONTINUOUS MEDIUM

In modéling a continuous medium a square-meshed resis-
tor network with 23 by 24 nodes was used. Therefore, in
order to obtain the voltage in each node we have to solve
a'system of linear equations with 552 equations.

B ThéAcompﬂting faclility at the Colorado School of Mines,
a model PDP-10 computer by Digital Equipment Corporation,
allows 40,000 words of storage for user's usage. The
matrix of coefficlients generated from the above mentioned
system of equations requires 244,704 storage spaces and
"would be impossible to solve on the PDP-10 unless use is
made of properties inherent to the matrix.

The matrix of coefficients for the type of network
being used is positive definite, symmetric, and band-
limited. Using these features Wwe can solve the proposed

szstem of linear equations inside the allowable computer
capadity. The procedure used in this report for the solu-
tion of system of equation is Gauss elimination with par-
tial pivoting and it is discussed in Appendix A.

In the dipole mapping technique the source is about 3/4
to 2% miles long and the measuring dipoles 100 to 300 feet
long. The cdistance away from the source that measurements
can be made depends upon several factors such as the length
of the source, the amount of current driven into the ground,

the conductivity of top layer and geology. Generally we
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can say that 19 a conductive area measurement can be made
at distances ub to four or five source lengths from the
center of the bipole source.

Taking these facts 1ntouaccount we placed the source
in the center of the resistc; network using two adjacent
nodes for the purpose (Flg.‘?). ‘This will limit our
perception of changes in fig}d properties on the region
close to the source, If one 1s interested in studying
changes élose to the source ﬁe should move -the two

point sources farther apart.:

Boundary Effect

Because we are using a finite network to represent an
infinite medium errors will arise inside the region of
interest. In order to minimize this effect use is made of
a termination strip all around the network, The exte:nal
boundary is joined by a network which rapidly becomes very
coarse as shown in figure 8. The value of the resistors
in the coarse network can be computed by the method of
vector areas (Karplus, 1958). |

As an example, let us compute the value of the resis-
tors on the termination strip represented in figure 8,

By defining the 1hterior resistecrs as

.We can obtain the value for resistors Rj, Ry, and B4 by
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! 22 units ‘
T & -

——
~
23 units

530- . . . . . . . . . . . . . . . . . . - . - -557—

Figure 7. Resistor network designed for modeling purposes.
Currents 41 and -I fed into the network by two
different nodes simulate a dipole.
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observing the area they occupy in the termination strip.
Therefore

o = 2R

= 8R~

The procedure discussed above was used when we solved '
the resistor network modei of a continuum. Thils approach ylelds
similar results as 1f one assumes that the medium be-
comes increasingly resistive as one moves away from the

current source.

Figure 8. Termination strip for minimization of boundary
effect.

In the proposed network we increased the value of the
resistors in the two most external loops by two=fold and
four-fold. . The voltages obtained on the nodes of these loops

were disregarded on the final analysis because the error
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|
.
waé too?large and these nodes are not in the area of interest.
They were used with the only purpose of decreasing the error
inside the network, by pushing 1t to the most external loops.
The improvement on the results can be observed in
the results obtained for the electric field and presented

on figure 14,

i
‘

éource'Effect

The potential gradient due to the current source
Placed on the center of the network is not uniform. Close
to the source the gradients are steeper than on the edge of
the network. In order to obtain more accurate solutions it
1s necessary to use a finer grid spacing around the source' |
because there the potential undergoes sharp variations.

There are several ways, described in the literature, on
how to approach the prbblem.(Liebman, 1954a; Persico, 1952;
 Landau. 1957; and Karplus, 1958). In this report we used the
following approach: a) the potential is obtained for each
node:On a cocarse network; b) the mesh size of the network over
an area 20 percent the size of the coarse netﬁork (including
termination strip) is subdivided in half (Fig. 9a); c¢) the
resistors on the finer network are kept with the same
value as in the coarse network; d) the potentlal values
obtained with the coarse network for the interface be-
tween the two networks are multipllied by conductor values

and used as an input on the external loop of the finer
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coarse

— 10 units —]

fine

—
strip

termination

F— 9 units

Flgure 9., &) Coarse and fine networks with area (diamond-
.shaped) where low errors occur. b) Portion of
the interface between coarse and fine networks.
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networks e) the potential is obtalned for each node of the
finer network.

From figure 9b we can observe that the coarse network
yields only every other potential value to be used as input
on the most external loop of the finer network. If we use
an interpolation technique we can obtain values between
the ones yielded by the coarse network and proceed in the
solution of the finer network. The numerical technique
used in this report to carry out the interpolation 1s Lagran-
glan interpolation (Appendix A).

Because the values from the ccarse network used for
input on the fine network are in error the results obtained
with the fine network will be in error in addition to the errors
inherent in the numerical procedures. Therefore not all
values obtalned are used in the composition of the final
plcture of the problem being modeled. Actually only the
values obtained on a diamond-shaped area around the source
are used because in this area we have the lowest error in

the numerical procedure (see Fig. 9a).

Potential and Electrical Fields

If we see our two current inputs as a simulation of
a bipole source used in field measurements aﬁd if a resis-.
tor on a mesh branch is seen as an analog to resistivity
(ohm. unit length) we can assume that the voltage distribu-

tion obtained on the network is in complete ahalogy with
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the potential distribution obtalned in field measurements.

In figure 10 we present the potential field distri-
bution obtalned with a uniform network. The resistors used
ere 5 ohm resistors and currents of +100 and -100 amp fed
through two different nodes were used to simulate the bipoie.
This potential field distribution was obtained by combining
the results yilelded by computer programs GRID and FIGRID
that are presented in Appendix B. Program GRID gives the
potential distribution on the coarse network and computer
ﬁrogram FIGRID gives the results for the fine netﬁbrk. Thie
distribution is corrected for boundary and source effects
according,to the procedures explained before.

From the result we can see that due to the fact that
the bipole is represented by two'adjacent point sources no
information can be obtalned in between the sources. Because
generally, we are interested in measurements away from the
bipole source this fact poses no problems.

In dipole mapping we deal with the total electric
field rather than the potential field. Because the electric
field is the negative gradient of the potential it may be
calculated numerically from the gradient of the potential
throughout the reslistor network.

‘The gradient of the potential can be represented as:

R Y O R
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whereer is the derivative of the potential in the x-direction
and Dy 1is the derivaﬁive in the y-directlion. These derivatives
are obtalned by differentiating a second order Lagrangian
polyncmial fitted over three consecutive points. This
approach 1s explained in Appendix A and is used in computer
programs EFD and EFFIGR presented.on Appendix B.

The electric field distribution presented in figure 11
was obtained from the potential field distribution shown on
figure 10, The distribution.obtained with computer program
GRID 1s used as input for program EFD that evaluates the
gradient of the potential for the coarse grid. The poten-
tial distribution obtained from FIGRID is used as input
for computer program EFFIGR that glves the gradient of the
potential for the fine resistor network. The result pre-
sented in figure 11 is the composition of the results
obtained with EFD and EFFIGR (for program EFFIGR only those
numbers on the low-error area around the souree,.Figure 9a).

At this point I will show how the.boundary and source
corrections improve the results and also how the network
behaves as a modeling tool, To achieve this goal I will
compare my results for the electrical field with results
obtained analyticglly.

Here, we should recall the earth model proposed at

the beginning of this report and presented on figure 12,
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Figure 12. Earth model being modeled with dipole mapping
set-up.
If we have a single source on the top layer we can
say that at some distance R which 1s large compared to the
thickness of the first layer current flows parallel to the
boundaries and has a uniform density from top through the
bottom of this top layer (Keller and Frischknecht, 1967).
The electric field can be obtained by using Ohm's law

E=¢J (22)

—

where, f, 1s the resistivity of the top layer and J is
the current density vector.

’By 1ntegrat1hg the current density over an equipoten-
tial surface, in thls case, a cylindrical shell of radius R
and height H at great distances from the source, a rela-

tionshlp between the electric field  and current from the
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source can be established.
I = Jst = 2MRhJ (23)
S
Therefore
P
E-— 24
2TRh (24)
By defining
A h
s £ 2
3 (25)
where S 1s the conductance of the top layer we have the
electric field at the surface of a thin layer for a
current I as
I
Ez —M (26)
2T RS

Using the dipole mapping scheme presented in figure 12
we have that (Furgerson and Keller, 1974):

I
E,= ——
' 2UWR,S (27)
and
E, = ._’i___ (28)
2TR,S

The total electric field is obtained by adding
vectorially these two electric fields:
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2 1/2
1 R4 R4
E = 1+(—)- 2(——- cosx}

Using in equation 29 a valuerf 100 amp for I, 0;2 mho
for S and the coordinates of each node on the network to
obtain the values of Ry, Ry, as well as the anglecx-we can
evaluate the total electric field analytically and compare
With our result obtained with a ;ﬁgistor‘network.

In figures 13, 14, and 15 electrid . field error maps
are presented. They represent the absolute percentage
deviation of the results obtained with the resistor network
from the results obtained analytically. In figure 13 the
electric field obtained with the network has no correction
for boundary and source effects and tﬁerefore. errors higher
than 60 percent can be observed. In figure 14 the correc-
tion for the boundary was applied and nowhere 1pside the
netﬁork the errbr goes over 30 percent but, as we can see,
the source effect 1s still present. Applylng both boundary
and source corrections to the resistor network we obtained
the result of figure 15. Here the source effect is mini-
mized and If we assume that results with errors up to 15
percent are valid, we may usé more than 60 percent of
the network area for 1nterpretative and modeling purposes.

This means that we can go as far as slx source lengths in

every direction without going over the error limit of 15
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Flgui'e 13. Absolute error map for the electric fileld
(no corrections applied).
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Figure 14, Absdlute error map for the electric field =
boundary correction applied.

32
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Figure 15.

Absolute error map for the electric fileld-
boundary and source corrections applied.

33
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percent.

As was mentioned before, in a conductive area we can
obtain measurements with the dipole mapping technigue at
_aBout four to five source lengths from the center of the
dipole source. From the results presented above we can see
that the resist§r nétwork proposed 1n this work will be
capable of modeling dipole mapping surveys if the 15 per-
cent error margin can be accepted. It should be noted that
in field surveys, an accuracy of 10 to 20 percent is standard

practice,
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MODELING OF BASIC GEOELECTRICAL DISCONTINUITIES

The computer programs presented in Appendix B were
written with the purpose of evaluating the potential field
and total electric field distributions of a continuous
‘medlum. In modeling geoelectrical discontinuities the
resistors representing the disconfinuity have to have
thelr values changed. This is achieved by making appro-
prilate changes on the subroutine COND, that is called in
the program GRID. If the discontinuity is totally or
partially inside the area where correction for the socurce
effect 1s applied, the assignment of conductances 1in the
computer program FIGRID should be changed accordingly.

In order to make the appropriate changes in programs
GRID and FIGRID it should be remembered that the 552 nodes
of the coarse network are set up in 24 rows of 23 nodes
each. The numbering of the nodes 1is from left to right
and from.top to bottom (Fige. 7). For each node we have
four resistors numbered from one to four starting with
the resistor on the right side of a node and proceding
clockwise., Here we should stress that because the two most
external loops of the coarse network are used for boundary
correction the values obtained on these loops are not
printed out. Therefore we are left with a 380=node
network with 20 rows of 19 nodes each.

The fine network has 399 nodes leid on 19 rows of
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21 nodes eache. The numbering of the nodes and resistors is
done here in the same way as for the coarse network.

In addition to the potential field and electric field
distribvutions, values of apparent conductance were computed,

Solving equation 29 for the apparent conductance we obtain
4/2

1 R R 1
S. = (}—l - —1 v —_—
S 2T R, [“ Rz 2 RZ>C°5 ] E.

Because we have the total electrical field distribution,
the current and the geometry of the network for defining
the values of Ry, Hy and the angle <, we can obtain apparent
conductance maps.

The computer program APCON1l, presented in Appendix B,
uses the total electric field disiribution obtained by
program EFD and evaluates the apparent conductance on the
coarse network. Program APCOM2 uses the total electric
fleld distribution obtained by program EFFIGR and evaluates
the appareht conductance on the fine network.

In this report the potential field, total electric
field and apparent conductance were obtained for two dif-
ferent sets of models.

The first set of models includes:

(a) dike (one unit wide and infinitely long) parallel

to the source

(b) dike (one unit wide and eleven units long) paral-

lel to the source
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(c) contact parallel to the source

(d) square discontinuity symmetric to the source

(e) sqﬁare discontinuity asymmetric to the source,

The current used in all these models was 100 amps.,
The reslistors representing the dlscontlnuities are twice
the value of the resistors in the continuous part of the
medium, respectively 10 ohm and 5 ohm. For the infinite
dike I also obtalned results for a 2031 contrast where the
resistors comprised by the dike were 100-ohm resistors.

These results are presented in contour maps and when
symmetry 1s present only half of the map is shown. In
the case of a square discontinuity only the half of the
map showing the discontinuity is presented. Due to the
analogy exlistent between the resistor network and the field
_problems being modeled, the contours in the total electric
field distribution map have units of volts per unit iength,
the contours of the potential field are in volts, and the
contours of apparent conductance are in mhos.

For the second set of models I evaluated the poten=-
tial field, total electrical field, and apparent conduc-
tance maps for the following modelss

(a) vertical contact parallel to the source

(b) vertical contact normal to the source

(¢) dike parallel to the source

(d) dike normal to‘the source

(text continues on page 57)
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The reason for running these models is that the apparent
conductance maps have been obtained analytically by Furgerson
and Keller (1974). This fact will enable us to compare the
analytical results with the results obtained with the resis-
tor network and reach some conclusions about the capabilities
and limitations of the numerical procedure.

For each model I obtained two sets of resuits. First
I considered the discontinuity more reslistant than the
host medium and second I assume the discontinuity to be
more conductive than the continuous part of the medium.

The current used in obtaining the results is 1 amp and the
resistivity contrast between the medium and the discontinuity
being 10:l or 1110, depending on the problem,

Here, we should point out that féor the case when the
- source is normal to the discontinuity, Furgerson and Keller
(1974) placed the discontinuity 3 units of length away from
the center of the dipole. Due to the geometry of the resis-
tor network we had to place the discontinuit& at 3 units
of length from the closest end of the source. As can be
seen from the results, this does not alter the picture in
such a way that would prevent a comparative analysis of
the results.

Inasmuch as Furgerson and Keller presented no contour
maps of potentials or electric field values, we presented
them in a different scale in order to permit a broader pic-

ture of the results. For the apparent conductance map I
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present only the area that 1s covered by the results of
Furgerson and Keller.
‘The units on these maps are the same as the ones in the

previous set of results.,
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Figure 36

Apparent conductance (mhos) for a contact parallel to the
source.

A current of 1 amp and resistivities of 0.1 chm. unit
length (medium) and 1 ohm. unit length (discontinuity) are

used. Results on top after Furgerson and Keller (1974).
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Figure 39

Apparent conductance (mhos) for a contact normal to the source.
A current of 1 amp and resistivities of 0.1 ohm. unit length
(medium) and 1 ohm. unit length (discontinuity) are used.
Results on top after Furgerson and Keller (1974).
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Figure 42

Apparent conductance (mhos) for a contact parallel to the
source. A current of 1 amp and resistivities of 1 chm. unit
length (medium) and 0.1 ohm. unit length (discontinuity) are
used. Results on top after Furgerson and Keller (1974).
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Figure 45

Apparent conductance (mhos) for a contact normal to the source.
A current of 1 amp and resistivities of 1 ohm. unit length
(medium) and 0.1 ohm. unit length (discontinulty) are used,
Results on top after Furgerson and Keller (1974).
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Figure 48

Apparent conductance (mhos) for a dike parallel to the source.
A current of 1 amp and resistivities of 1 ohm. unit length (medium)

and 10 ohm. unit length (discontinulty) are used. Results on
top after Furgerson and Keller (1974).
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Figure 51-

Apparent conductance (mhos) for a dike normal to the source.
A current of 1 amp and resistivities of 1 ohm. unit length
(medium) anéd 10 ohm. unit length (discontinuity) are used.
Results on top after Furgerson and Keller (1974).
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Figi:tre 54

Apparent conductance (mhos) for a dike parallel to the source.
A current of 1 amp and resistivities of 1 ohm. unit length
(medium) and 0.1 ohm. unit length (discontinuity) are used.
Results on top after Furgerson and Keller (1974),
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o

‘Figure 57

Apparent conductance (mhos) for a dike normal to the source. A
current of 1 amp and resistivities of 1 ohm. unit length (medium)

and 0.1 ohm. unit length (discontinuity) are used. Results
on top after Furgerson and Keller (1974).
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fNTERPRETATION~OF FIELD PROBLEMS

Durlng‘thé summer of 1974 the Geophysics Department
of the Colorado School of Mines made a geothermal inves-
tigation in the state of Nev;da. A dipole mapping survey

~ was carried out on the Black Rock Desert area located
about 100 miles north of René.

Here I have tried to mdﬁel the apparent conductance
maps obtained from two diffe%ent source locations out of
five source locations occupied during the suryey. Figure

16 is a geologic map of the area in question with the

location of the two sources referred to.

Source la

This source was 1ocated on the playa sediments of the
BlackvRock Desert. The western electrode was placed on
Vthg edge of the desert and I considered it as placed on
volcanics..

In modeling this problem I placed a vertical dike, at
a 30 degree anglg with respect to the source, in order to
represent the volcanlics that lay on a strlp west of the source.

I used a resistivity value of 1 ohm.m for the Black
Rock Desert, a resistivity of 35 th.m for the volcanics,
and a resistivity of 10 ohm.m for the Hualapal Flat situated
on the west side of the volcanics.,

The apparent conductance field map and the modeling

result are presented in figure 17.
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It can be readily seen that the two maps have several
features in common. It should be pointed out that if we as=
sume that the resistivities used in the modeling procedure are
correét the values obtailned for apparent conductance should be
multiplied by the depth in order to obtain the field values,

The steep gradients observed on the eastern portion of the
apparenﬁ conductance field map are not present in the modeling
results. This can be explained by the fact that vwhile in the
modeling it is assumed a horizontal top layer, the Black Kock
Desert is a graben with a sharp change in thickness of the
sediments as we move away from the edges toward its center,

A sharp decrease in resistivity would give the same effect
but this is unlikely to occur in this area due to the homogen=
eity of the sediments.

Apparent conductance is deflined as one unit of depth per
unlt of resistivity and in order to obtain the field vaiue
et two source lengths from the edge of the Black Reock Desert
we would have to multiply the modeling value by a depth fac-
tor of 1000 m.

In the Hualapail Flat area the depth factor we obtained
is around 100 m at a distance 2.5 source lengths from the
dipole source. Changes in resistivity are more likely to
occur here becauée the sediments are not homogeneous as
in the Black Rock Desert., From the modeling results we
observe that there 1s a decrease in conductance values in

the Hualapal Flat as we proceed to the north. Because this
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fact 1s not present in the fleld results we can argue that
resistivity decreases as we proceed north or depth increases

toward the northe.

Source 3a

This source is located on the southern portion of the
Huelapal Fiat and i1s oriented approximately in an east-west
direction.

Here we have a more complicated problem that can be
handled by the resistor netwcrk and give the 1nterpreter
an idea on the cause of the conductance ancmalies.

I used an L-shaped discqntinuity with 100-chm.m resis-
tivity to represent the Granite Range that 1s located at
west and south of the source. The volcanics to the east were
replaced by a dike wilth a resistivity of 35 ohm.m with its
sovthern end with a resistivity of 50 ohm.m. The volcanlcs
to the west were re?laced by a square block with resistivity
of 35 ohm.me The resistivity over the Hualapal Flat area
was assumed to be 10 ohm.m.

The apparent conductance field map and the modeling
results are presented in figure 18. We can see from the
results that most of the features in the field map are
present on the map obtained with the resistor network.

Here, again, it should be mentioned that if the resistivitiles
are correct a depth factor has to be used to multiply the

apparent conductance from the modeling results in order to
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obtaln the fleld values.

For the area close to the source (1 source length)
we obtalin depths ranging from 150 m to 250 me By com=
parison of the field results wlith the modeling results we
conclude that a decrease on resistivity and/or an increase
in depth toward north must occur in the area.

The 200 mho contour appearing on the northern por-
tion of the field map cannot be completely explained in
terms of a thickening of the sediments. 1In that area we
have hot springs and this would account for a decrease cn
resistivity values. Therefore & change in reslistivity and
depth to the basement are llkely to be responsible for that

high conductance value.
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DISCUSSION OF THE RESULTS

1

The resulés presented in the two previous sections
make possible an analysls of the capabilities and 1limita-
tions of the resistbr networ%’as a modeling tool for dipole

_mépping surveys. | |

The contour maps presented in this report show that
the resistor network 1ndicatﬁs the presence of discontinu-
itles in the field generated}by an electric ﬁipole source.

The potential fiéld is indicative of discontinuities
ohly in the case of high resistivity contrasts. However,
the indications on the shape of the discontinuity are so
slight that we cannot surely ascertain the position of a-
given geometrical shape. The electric field maps and appar-
ent conductance map show the discontinuities for low resis-
tivity contrasts as well as for high resistivity contrasts.
These maps also allow a conclusion about the kind of geo-
electrical discontinuity being studied.

By comparing our apparent conductance maps with the
ones obtalned analytically by Furgerson;and‘xeller (1974)
we observe that for a fault problem the agreement between
the results 1is good, despite small distortions on the con-
tours. This conclusioﬁ applies to all models studied,
whether the source is normal or parallel to the contact
or located on the resistant or conductive side of the

fault.



Twl746 91

The results for the dlkes have to be discussed in more
detall because in some cases the modeling results do not
agree canpletely with the ones obtained analytically.

For the case of a conductive dike we observe that the
general picture is obtained with the resistor network.
However, when the source is placed normal to the dilke the
conductance values obtained inside the dike differ from
the ones obtained analytically, although they have the same
order of magnitude and the contours have the same pattern.
When the source is placed parallel to the dike we observe
that the modeling procedure used does not show the end of
the gecelectrical discontinuity, giving a higher value of
conductance for the medium on the back side of the dike.,

In the case of a resistant dike we observe the oppcsite
behavior, ‘When the source is normal to the dike we are not
able to observe the far side of the discontinuity because
the resistor network ylelds lower conductance values for
the medium behind the dike, When the source is placed
parallel to the contact we obtained good results with only
a slight variation on the magnitude of the apparent conduc-
tance values inside the geoelectrical discontinuity.

On the modeling of field problems it should be mentioned
that the source la can be solved analytically but for
source 3a no analytical solution can be obtained dué to
the complicated geometries present. In both sources the

resistor network was capable cf showing the main features present
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in the field data and allowed the drawing of conclusions
about changes in depth and resistivity inside the areas

of intereste.

92
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CONCLUSIONS

The résults presented in this report indicate that a
resister network can be a powerful tool in helping a geo-
physicist to understand the anomalies caused by geoelec-
trical discontinuities on a field generated by an electrical
dipole source.

Even in the presence of a small contrast in resistivity
the changes in the field pattern caused by the discontinu-
ities can be easlly observed. Here, we should point out:
that the potential field distribution is much less indicative
of anomalies than the electric field, For higher resistiv-
ity contrasts the anomalies in the electric field are
striking on their appearance.

By comparison of apparent conductance maps obtained
with the resistor network with the ones obtalined analytically
we observe that in modeling fault problems the network be-
haves very well in yielding good results. In the case of
dikes we observe that when we have a2 conductive dike paral-
lel to the source or a resistant dike normal to the source
the modeling procedure used in this report is not sensitive
enough to show the far end of the geoelectrical ﬁiscontinuities.

In using the resistor network for modeling field results
we observed that the results obtailned allow the interpreter
to draw conclusions about the geology, resistivities and

depths in the area being modeled.
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The results presented contain errors due to the several
numerical approaches used in obtalning them. However, the
errors are expected to be less than 20 percent and they do
not inhibit the use of the resistor network for mode%ing
and interpretation purposes. The size and speed of the
cgmputing facility being used also influences the size.
of the errors in the results because it 1limits the dimensions
of the network used as the modeling tool.

Taking into account that sometimes it is impossiblé to
obtain analytical results for some complidated field prob-
lems, the resistor network can provide a plcture of the
problem at a relatively low cost. For each model studied
an average of 3 minutes and 5 seconds of central processor
unit time was spent.

Besidé the models studied in this report a variety
of geoelectrical discontinuities can be studied with the
resistor network, but it is beyond the scope of thils report
to present results for odd-shaped geometries that seldom
occur in nature.

Finally I wish to emphasize that the resistor network
simulation gives a useful check on field results and enables
the investigator to draw conclusions on the geology of the

area, with confidence,

~t
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APPENDIX A

In thls Appendix I will discuss the numerical procedures
used throughout this report in obtaining the results

presented.

Solution of Linear Systems of Equations by Gauss Elimination

In computer programs'GBID and FIGRID, I solve a sys-
tem of linear equations using Gaugs elimination. |
The basis of Géuss eliminatizn is the following (Forsythe
and Moler, 1967)s given a square matrix A of order n, let
Ay denote the principal minor matrix made from the first k
rows and columns. assuming that det (A,) # 0 for k = 1, 2...,
n~1 then there exists a unique lqwer triangular matrix L =
(my, §)y Withmy, § =Mmys 2 = esees =m, =1, and &
unique upper triangulér matrix U = (Uy, j) so that LU = A,
Here, a 1owe: square triangﬁlar matrix is defined as
a square matrix C = (cj, Jj) such that c4, 3= O for 1 < j
and C is an upper trlangular matrix if ¢34, j = 0 for 1 > jJ.
Because the matrix we are concerned with in our modeling
problem is a positive definite matrix we can reduce it to

a lower (or upper) triangular matrix (Wilkinson, 1961;

Householder, 1964). Therefore we have
T
LL =A

This is achlieved by multiplying the matrix by elemen-

tary triangular and permutation matrices (Householder, 1964).
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The elemehtary permutation matrices essentially inter-
change rows of,the square matrix A. By interchanging rows
after determining that a given element of A is an element
of maximal absolute value 1n§the column we have the pivét-
ing. Teaking the pivot to be:an element of largest absolute
value in a column is called Gauss elimination with par-
tial pivoting and that is tﬁg strategy used in subroutine
BANSOL used in programs GRIL'and FIGRID. :

The interchanging of rows in Gaussian elimination im-
proves the numerical stability of the scheme, as shown by
Forsythe and Moler (1967). An extensive analysis of the.
roundoff errors in the @gﬁss elimination procedure can be
~found in Wilkinson (1961) and Forsythe and Moler (1967).

To obtailn the solution of the system of equations a
back substitution scheme is employed. This amounts to solving
the nth equation of the equivalent triangular system, then
the n-1 equation and so forth. .

Several algorithms have been presented in the literature
dealing with this procedure (Thurnau, 1963; Martin and Wil-
kinson, 1965,.1967). Subroutine BANSOL is a translation
from ALGOLlof the algorithm preéénted by Thurnau (1963)

published by Wesley et al (1972).

Lagrangian Interpolation

In order to have a sultable set of values of potential

for input in program FIGRID interpolation has to be carried
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out on the potential values obtained from program GRID for
the interface between the coarse arnd the fine networks.,
The procedure used in this report was Lagrangian interpo=-
lation.

In Lagrangian interpolatiocn we look for & polynomial
y(x) of degree n, which takes on the same values of a
given function f(x) for n + 1 distinct abcissas Xgy X1s oscess
x,, (Hildebrand, 1974).

The polyncmial y(x) can be written sas
y (x) = Mo x5 (X ) + My CxY LI+ em (D £0X) (A-1)

or
n
y(x) = ij(x)ijj)
J=0
where mo(x). eessy m, (x) are polynomlals cf degree n or
‘less. to be determined,
The result of replacing y(x) by f(x) has to be an
identity when f(x) 1s an arbitrary polynomial of degree
n or less, This willl arise if and only if the result of
replacing y(x) by f(x) is an Adentity when f{x) = 1, x, xz..eg.
and xn.
We see that equation A-1 will take on the value f(xi)
when x = x3 if mi(xi) =1 and 1f m,(x,) = O when k # 1,
Using the Kronecker delta notation
5 O 4for L£k

1 gor =K
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this requirement beconmes

m; (x,) = & (i=0,...,n; k=0,...,n) (8-3)

Because mi(x) is a2 polynomial of degree n which vanishes

when x = Xgr Xy eecy Xy 99 Xgy 10 eeey X We can write

mi(x) = A; [(X —Xo)..-(X-Xi_.‘)(X-X“ 1)"'("”"1\)1 (A=)

where Ai is a constant that can be readily derived by

taking into account that mi(xi) = 1, therefore

Ay = 1 (A~5) -
(xi "xo)"' (xi ‘xi-1)(xi -X;,,,)--- (X.- -X,.,)

By substituting (A-5) and (A-4) into (A-1) we obtain

the Lagranéian interpolation polyromial of degree n as;

y(x): I\;{x-xi)z (A=5)

)
k=0 (x”xk) Til (xk-xi

where

n
T C(x-x) = Cx=xMx=x,).. . (x=%x)
10

.T'}o (xk-‘xi) = (X =%, WX = Xq) .- (X~ %n)

Let us now make an error analysis of the process,

If f(x) is approximated by a polynomlall&(x) = yo,...,n(x)
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of maximum degree n, which colncides with it at n + 1 dis-

tinct polnts Xg,e.., X, then the error
E(x) =400 -y x) (4=7)

'is given by
E (x) = (X=X%,)(x- XD (x=-%0) 4 [Xo)...an"x] (A-8)

Considering the fact that f(x) - y(x) and
(x ~ x5)(x = x3)eeee(x = x,) vanish at the n + 1 points

X = Xg0 X vew xn we can write a linear combination of

1'
these functions

F(X.) = f (2() _y(x) - k {(X—XO)CK-X.D...CX-X“)} (A=9)

or

F(x) = Jt(x) -y(x) - Kﬁ(x) (4=10)

and determine the constant K in such a way that F(x)
vanlshes at an arbitrarlly chosen point Xe

If the smallest and the largest of the nA+ 2 values
Xos Xy seey Xy X establish a closed interval J, then F(x)
vanishes at least n + 2 times in the interval, F'(x) van-
ishes at least n + 1 times, F"(x) at least n timeé.....
and finally F(% * 1)(x) vanishes at least once inside the
interval J., If we denote such point as z and use (A - 10)

wWe can write:
(ns 1) (n+1) (n+1)

0= § (2) -y  (Z)-KTW  (Z) (a-11)
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Because y(x) is a polynomial of maximum degree n its
(n + 1)th derivative vanishes and since
Tr(n-»ﬂc)() - Cn"‘ 1)\

we can write

1 (h-}‘l) —
(n+D! =) (h-12)

and the relation F(X) = O becomes

1 (n+1)
(ZHIT(CX) (A=13)
(n+D!

$) -y ()=

for scme point Z in the closed interval J. Since x is
arbitrary we can finally write

1 (n+1)

$ (z) Y x) (4=14)

B (X “(nan!

for scme point z in the interval limited by theAlargest

and smallest values of the numbers Xos Xyp seey X o Xo
Because the error is dependent upon the value of

f(n M 1)(z), the method 1is satisfactory only when this

derivative is sultably small. In our modeling problem it

can be readlly seen that the region close to the source

Yields larger error due to high derlvative values.,

Numerical Differentiation

In order to obtain the gradient of the potential
numnerical differentiation has to be used on the results

yYielded by programs GRID and FIGRID.

Here we discuss the method used to compute a vector
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of derivative values gilven the vectors of argument values
and corrzesponding function values.

If Z = (23, ey 2,) are the derivative values,
X = (%15 seep X,) are the argument values, and Y = (¥y1reaeryy)
are the corresponding function values we can find z; as the
derivative at the point X, of the Lagrangian interpolatiocn
polynomial of degree two relevant to these successive points
(X321, ¥y_9)0 (X4, ¥74) and (X541 V3410

For 1 = 1, «ssy N=2 we have to find ays bi’ and Cy such

that »
'>7i (x) = aix + bix + C;

passes through (x3, ¥4)» (X345 ¥341) and (X442, Vi42)e

Due to the features of the problem being solved in
this report we have equidistantly spaced argument values
xi Wi-th Xi - xi.’l = h fOI' 1 = ~2. L NN ) Ile
The expresslions for the derivatives z; are (Hildebrand,
1974) s
1 .
[ 3y +4y2-vs) g L=
_ 1 TR -
2 f< “ZT‘(VLM Yoy ) if t=0,..,n-1
.i,(y 4y +3y,) i} L=
\Z2h n-2 n-1 n F t=n

Let us now see the errors that can be originated with

this procedure,
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The truncation errors in the expressions above are

a " . .
¢ % Y '(0(1) where o G_Ex“xs] it =1
ho o )
T = {-— 7 (%) where A € [Xiogr Xiuq ] if 12 20m-
| W o .
—5“7 (%) where X € Exn-zixﬂl i§ L=n
L

In addition to these truncation errors, roundoff errors
can be of considerable magnitude., Suppose that each of the
ofdinates involved could be in error by % € ., Then the
magnitude ‘Rii' of the corresponding error Ri in the calcula-
tion of z4 can be as large as
(4
| hi

sor L= 1n
IR =

for t=2...,n-1

J 2

|

f
—_—
o
—
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In this appendix we present the listing of the com-

APPENDIX B

1¢3

puter programs used in obtaining the results shown in this

reporte

main program:

subprogramss

main programs

subprograms;

main progrems

subprograms:s

main program:

subprogram:

main programs:

main programs

GRID
COND
BANSCL

EFD
DET3

FIGRID

YLAG

BANSOL

EFFIGR
DET3

APCON1

APCONZ
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S R PROGRAM GRIL-=mmmmm—— TP, jomm

M GRID EVALUATES THE FCTENTIAL NISTRIBLTION OH A
quh« OF 23X24 NODES, THE THC MOST EXTERNAL LOOPS
R BOUMDARY EFFECT CARRECTICH AND, THERLFORE, THE
IR THE HODES PERTAINING TO ThHESE LCORS ARE  NOT

F
USF“ WribnN THE GRANIENT OF THE PCTENTIAL IS CBYAINED (SEE PROG., EFD
THl PROGRAM 15 WRITTEN IN FCRTRAN-4 LaNGUAGE AND HAS
DEVELOBZD ON A DIQITAL COMPUTER CCRPORATIC: MCOEL PLP-14
CNHPUTIR, A TIME~SHARING SySTEM, THE FRCGRAM REQUIRES A

WORDS OF STQRAGE.

o
n .
(,4.
~
X

TATAL

OO RO OO0 OO 5

THE PRIAGRAM INPUT IS IN THE FOLLCUTHNG FORM ARD SEQUENCE:
i) VALUYUE OF RESISTORS BrIaG LSED
2) CURRECNT pEING USED
TAEZ PROGRAM OQUTFUT GIVES THE PCTENTIAL YALUE Ol EAQH
MANE F THE ~0TuaRK, THIS QUTPUT 15 USED A5 IAPUT FOR
FROGRAMS EFD aAin FIGRID.
¢ VARTABLIS NAME:
¢
r N TOTAL SIUMRER O NOOES aN THE FETUHERK
" LY = NUMIER OF NZODES 0 ¥X-nlrenTi(x
C LY - NUMIER OF HORES 2% Y-nirfpcYIC:
r Moo WISTH OF THE BaMD a7 TuE »aTRIX OF COEFFICILENTS
c (LT HAS TO OE A+ 0079 NUHBER)
o Voo CURRENT VE{TH I35 RET 2 v
C CoNTAINSG THE LLE FI A GIE
G C - IS THE oot CrOMXM oAaARAY UEREICH CONMTAINS
o THE PEsTI! OF THE COEFFINIENT MATRIX
w A. THE 1A A GIVE=D RGO OF MATRIX 4
o LEPERR 1H THE 8 483 C ¢ HLT SHIFTID SUCH THAT
o ELEMENT ACTI,d) 4%3{ MES CCI,o=l+ () /)
c COR - DOUDLY DIME &)'J%LQ SRAY WAloh CONTAINS THE
» cw; UCTANCES RILATES TC £aCH LODE
C RESIST - VALUE OF THE RESISTCRS BEZING LSEL TN THE
G ' NETWORK _ :
C CURREN - InpPUT CURRENT USED IN THE AETHCRK
C
¢ A.C, PIRES CCTURER 1974
c COLORADY SCWMCCL CF HINEs
-
g e Om o W e S WS em T e W R e e e e e e e O o M e Wl e T o i e e W e W s ml O S LB e, Y AR e o ap O ., S0 S e e — - — -

DINENSIZN CoR(B52,4) Y (5521, 0(%552,47)
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1) on we com @ om
~~~~~

3

-

L A

- -

) p)
psl s

-
w3

-~ e
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/ONE/ N
/TU07 COR,RES]
/THREE/Z M

COMMON
COMMON
COMMON
Nahbhe
LX=23
LY=24

[D=)

Mzoal X+14

ST

——————— W At e e g W . wm TR ae B e B mn e e W n KR aw e W s T M T S 2 g T m o b me S e T U mar g g Pa W 0w com T M
TNPUT  DATA
e e e OB T e e i gy . A e T W o . P e e e TP mn T ML ey T o G e e M s DR - . o e - T
REAR(L,3)IRES] STaLURREM
T A F
FORMAT(2F)

PREFAR E;»IJATIQM STRIP AANC ASSIGN CCTPULT\N(Eo
T ZACH HNONE

P B e e O G e L e e T e TR e TR o TV oy o m B ey e wm v e T oy oW T v e

W e - e T W e e .y e e w0

. . T e W W W oy g > W o T W W e M e R ey me o N o = T e

- . - -

Do LA=1,9
~( y);raa<:h,:)*?39<LH.9)+Cﬂh(La.3>+ClﬁftA 4)
ke LR=1, -1
CALB,LY+1)==C0RILE, 1)
nnoos L= X, N, X
COLC,LYy+1y=73,
DO &% LD=4,4~-LKX
COLD,M)==-0DRILD,2)
0078 LE=2,1
C(LE»LX?ﬂ—Cﬁ?(LE.3)
DO By LF=LY,d,LX
ClLF,LX)=3,
83 98 LG=LY.H
ClLG,1)=-CDR(LG4)
DI 107 LiH=zt,.LX=2
00 122 LlzeH+2,.N=(LH+1)
C(LI»LK’LH),f.
SLVE BYsTr of LINCAR GUATIANS
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=c—----»--—»——é--------“f “““““ v - o T . e " o - o S om0 e 4T o o e -
CatL EAWSQL(CvVIID)

R e J e - - e Y e e e -

C QUTPUT RESULTS

[ o e e o e e e e e T T - e S o o O e e g -

WRITE(9, 149 (VLI ,Ld=1,0)
11 FORMAT(BEL1s,4)

STop

EMD
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THIS SUGROUTIHNE COMPUTES THE VALLES OF

TAD TERMINATY
C HODE Dy

%Zag

CoMH s

CoHE0N /ATwW0/

nn

3 4z
CORCT,
P
nn 4

on A2

CDH(E’J)=1./(4

200 T

Qfﬁ\},4)ni

00 8’y

CORCI, 1) =1

no o

{ [
L iy
Myt
[V AN i
#
D0 1.2

b”?([JJ

090 157
RO 152
COR(I,J

THE

H(_LJML_L‘MP*H(_L_H

*«(.(.._

[
l
1

ON STRIP AND ASSIGN
NETS‘JQRK .

Cn(ss 14)
;"",‘ ‘E./ M
CﬂR;RESIST

1.%

SN

)=1./RESI;T
T1,.23
Yzl./(4,8RESIST)
=5223

3,4
Yz1,/04.#RESIST)
:19§<ﬂ 3

=7, 4
Y=,/ 04, #RESIST)
=530.552

21,3
)=1./(4,#RESIST)
";:3?:) ?? ?5

12

1 #LESIST)
=23,552,25
/(4,43ESI8T)
24,547,238
/(2,8 RESIST)
246,522,23
2,#RESIST)

1./7(2 . #RESIST)
51;55l

/(? *RES IST)
, 45
(2.#RESIST)

i e

\(.NEX»\-&* NP e N
D
(1]

(2.,#RESIST)
@3@23

- m- -

(”,*RESIST)
»528

(p.#RESIST)

CCACUCTANCES 70

107

AR T em ST oy N an e am s e

TeE CCNDUCTANCES
EACH

. L W R SR T e My v e e e e TR g TR n T g oy Ty e o e - e - - - - - -

OUTIHE N
DIHMONSION
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A._i.

P

o

G

~N

R .

00 152
noe 162
CORCI.J
oo 172
CNR(1,4
RE [URN
END

 528023

(2.eRESIST)
521,23
(2.#RESIST)

~r bt o L +-a
it #onn
.S R N
s Jle w \J}
N NN

1

‘>

108
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_—i

i
—
b
W
o

O it SUBROUTINE BANSCL-=~=—cmm e e ee e -
”

c

C TH1S SUBROUTINE SOLVES A SYSTEM OF LINEAR EQUATIONS
CoAX=R WAEN THL MaATRIX A IS OF VERY LARGE ORNER AnD SPARSE
O o1n THE SENMBE THAT THE oMLY NOANZEREC ELEGENTS ARE I A BaND
C CERTERED ON THE MAIN DIACOHAL.

G

C VERTARLE MAaMES

¥ O = INTEGLR FIRST DIMENSINN CF C

» C - (DFFiMNEn 14 MAIN PROGRaM)

” Vo~ (DEFINED In MALY PROGRAM)

r

z RESTRICT DHS:

< THID MATRIX A MUST HE ﬂ’txl'uLkARQ THE *UMBEER GF

C SUPERIIAGONALS AnD SURGTAGONALS MUST EE ThE SaME.

» REFFRENCE S (MCDIFIED AFTER)

C VESTLIY S, ALD WATTS JLALLEDS, 1978, THE CCHFUTING

¢ TEAMNILIGY pENTER SUMIRICAL ANALYSIS LIRBRARY, MTIS,

| SPRINGFIELD, VA,

[ e o e e e e e e e e . = e == o =

SUSBROUTINE BANSOL(CY 1D
DIADNSION Coln, ) )
lxr-"]'\j /UEIEI/ 1\1

"A‘_:""?";‘z} /"?'F?REE/ M

/e

+ 1

=y

> -

I?’{ .03
- IR
I=1.,LR
JEZ M

it \ T

i
-
i it
‘71»* N TTNTT
U

10 COIR,J=-1)=C( IR, )
«PL=4+1«TQ
MPrzMe1 -1
Clup1, MP1Y=a,

20 COIR,MY=C (NP1, MPL)
Fiq ehN-q
no [=1,Mq

R
1 << O

SOEEE I I ‘.'_~_.,‘z T~ ,““‘
——

i
L]

s
¥

1
IR=11 [
'A(C(IR 1)) LELABS(CCIRIY,4) )60 T 32
R
NUE

[#5]
st
13'
;

IF(IPI QLQpI)GO T0 5¢
T=v(])

VD) =v(IPIY)
VOIRPIV)ST

00 43 J=1,M

T=C 01,
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. R e e B O

(IR JI-T2C(1, )

W 3 e = G W e
v ‘-‘T'u"‘"-' o~ N

N

e
-

Ed.i)Go To 92

,|,..}:..
L2

NUE
V) /C(N, 1)

N

LIS B ot

‘)HCQMHQ

¢ ICE=4,MN2
cE

J=2, UM
ﬂvi+J

(I”)mf(lhzy)*V(lﬁ 419

A
L

i
7

.%-;:%-rrqaﬂ, ,:U TO -L.L?:.l

o lu‘+s

- A

cnN TL‘Q\JL

Ar\rT ’1sz

END
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T e PROGRAHN

L
?
1
!
H

THIS PROGRAM EVALUATES THE
ORTAINED WITH THWE PROGRAM
LOOPS WERE USED FAOR BOJNDARY E
VALUES 04 THE MODES PERTAINING
IMNTO ACCOUNT.

THE PROGRAN
QEYELAPES ON DG
AT‘bt— SHI\QI u SY

WRITTEN 1H
COMPUTER
A

IS
ITA
ST
PROGR

AM INPUTS

NATA FILE GFNERATED BY PROC

PROGRAM DuUTPUT

Do oaumaaoa OO

~

P

A. -
COLORADC

PiR

SC

R i e e el d it ol da i

DIMENSIOn POTEN(RBEY,Y(BA),
Z(52).POT(003)

KCT=2

LX=2Z

LY=Z4

m"‘(
oo .

J*u-

i

=sLX#[Y

GRIC,

— -

111

— o . -

FFLommnm-

WD A - S oy B T e e e -

GRADIENY OF THE POTENTIAL
SINCE ThE TWO MOST FXTFWVAL
FFECT CCRRECTION THL POTENTIAL
TC ThESE LOOPS akE NOT TAKEH

JAGE aAND RWAS

FCRIRAN=4 L Afl
“0NEL PpP-~- 1¢ CO

1)
CCRPARATICHN #0D MPUTER

GRAM GRID

NCVYESBER, 1974

£s
CuOCL CF

C 4= POTENTLAL FIELD GISTRISUTICAN USED AS INFUT

& 2= GFADTENUT ofF THE FOTENTIAL FIELD

C 3I- 1IN OASD O EARROR OIN GRTAINIANG ThRE DERIVATIVES TRE

S PROGRAM §TOPS AxND AN ERRCR MESSACGE IS GIVEN AS oUTPyl
0

G VARTAZLES nAME:

" L¥ = MNUMSBER OF NUDUS Iy X-nlIRecTICH

g LY -~ UUWgaﬁ OF NODES In Y=NIRFECTICH

C Moo= STEP Z1FE FOR THE DERIVATIVES

& POTEN = ST4gLY DIMIUSTOMIT ARRAY wilCH CONTAINS ThE

- POTEHTIAL DISTRIGUTION €3 ThE JETRORK

C PCT -~ SlnaLy nahghaloﬂ[n ARRAY WalCk CUNTAINS THE

c PATEOTTIAL DISTRIBUTION 8 TR METHORK WRITOUT THE
C TLSH#1ATION STRIP

¢ BX - DERJVATIVE ON X=-JIRECTICH

¢ Y - DERIVATIVE ON Y=D[RICTICA )

£ EFTELD = GRADICHT 0OF POTENTIAL CISTRIBUTICN

Lo

i:

¢

- e e T e e W e ot e T oow o o o L, S W mm ge w w  w a  em

DXx(6E2) LY (A2I)EF LD (220G,

o e e R e e o W S A e gne e e
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C IMPUT DATA: POTENTIAL OISTRIELTION
Au(QaJ)(PJTEq(JE):JE 1,4T0T)
5 FOMNAT(%L16 4)
c ________________________________________ Y G e BN i v ok e B e B B e G o Y
C DELETE vaLUES J“ THE TtR“I*ATsﬂA STRIP
Crmmmme = o e e o ot = % e e T o e e Tt e o m Y

O A N=1,LY=-4

DO & I=4,1.X-4

KK+
A POT(I) =POTEN(LX+2+ (NaLX)+ 1)

s DUIFUYT POTENTIAL DISTRIBLUTICH ﬁHITdLT TERMIMNATION STRIF
{ e e o T

*‘jR}.TL(liyg)

G FORMAT(22%X,'POTENTTAL FIELOC(CCARSE NETWCRK) Y, ///)

LRITE(ll 11)

11 FOaMAT(L23Y, *{I0RE , 23X, "POTIRYIAL FIELDCVOLTS) w7/ /)
JQP! ;(1_‘;; )(Juvp(3""<,.,:d),J5=l.?‘~)
12 FORMAT(LLX, 14,27X:616.4)
[ s o o b o 5 = e e o s o e o ra P P T s e e s e = e o " = =t e g = e = o o o o 1 e =
& SET. HEW PARAMETERS FOR NETLCRK
[ o e i e e e e T T o AR o "8y o= am e o om T e 7% e it ot e o . o o

WLXE19

LLy=¢@

IToT=LXsi Ly
O
c PREPARE FOTENTIAL YALUES FaR PLRIV;TIV§ ON X-DIRECTION
? NDIMELLX

D0 23 KBz, T07,0LLX

DO 1¢ K=i,LILx
in Y (i) =POT(K+(KB-1))

8 EY LhATE NERIVATIVE ON X-CIRECTION
() o e et e e = e e o e

C i b Q;T’ﬁrf "'.Z.EDI:‘",TER;

[FCIERVNE G0 TGO 129

G0 24 A?:A,LLX
2 OX(KP+(KR=-1)) =2 (AF)

5{;’ «-Ds:T \' Z

C—T—’-"’"—-"—--—v-—'—---; ————————————————————————————————————————————
C PREPARE pPoTomT AL vALUhS FaR ”ERIVHTIVE ON Y=-DIRECTIC

L o e o e e e e e 2 e = e e e -

NDIM=LLY

Jaz=Z

N0 67 JA= 1,LLX

S0 4 yBs da, ITOT~-(LLX-JadLLY

IMESCIRE | :

45 Y(yni=r2T(un)
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C EVALUATE DERIVATIVE ON Y-DIRECTION
C; .
Ct\ L !" T (‘1, )L_DJIDI\1FILR>
IF(ILHQNE!L)GO TG .LQB
CC L2 JC=1,LLY
o/ DY CJA+LLAR(JL-1) =200

e e . o . - " gy P n M e e o o - e— o e W am ™ W e e M e e R me PP o WSS e e e W A Wy e

- T W P e o -, m e e T W WY o T e T e v TV am S am e TR e T e e T SR e e o am e e S, YT T e e T W W g T

G GF POTENTIAL
B e e e e e et e am o e e e s e o~ A p " o i o s~ -
(2, 32)YCEF ELO(M7Y, M7= ,},’ITQT)
5o (8l1a.4)
(14,94
e (viv, 0%, *ELECTRICAL FIELLC(CUARSE HET *Uﬂﬂ",///)
11,62)
G (LY, DN, 2aX, ELECTRICAL FIELS(VOLTS/ZURITILENGTHY ',/ /)
1lr93)(J"!'EFIEL3(JP):Jf‘:1’1T3T>
33 T{1aX, 14, 50X2E16.4)
125
1501120
PORMATUSX, *ERROR Tii DERIVATIVE 1iiiiiit)
STOP

EMQ
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S e oo oo -SUBROUTINE DET3-=e-mm=mm D TS

THIS SUBROUTIME COMPUTES A VECTCR 0OF an}vATAng

VALUES SIVEN A VECTOR GF FUNCTION VALUES WdCSE ENTRIES
fq,npwm N T\ruJIr)]STA ITLY SEACID ARGUMENT VALUES, EXCEPT AT

m~4ﬂ

s{.

) i

'\ vy ,r}

EXD POINTS THE DERIVATIVE CBTAINED IS THE DERIVATIVE OF
Lb SRANGT AN P”'VNQMIAL UF DEGREE 2 KELEYANT 7O THREE
ESSIVE POTHTS,

VARTARLES HAME:

H - STEP S1gi VALUE
Y - GIVEW YECTOR OF FUNCTIAN VALUES
£ - VECTOR pf DERIVATIVE VALLES
NODIM - DIMENSION OF VIZCTORS Y aND £
I[F8 - ERROR PARAMETER
[ER = -1 - NDIM I3 LESS THAN THREL
Itk = @ ~ NO ERRER
[ER = 1 - H 1S ZERC
WFEREHNCL T 1BM, 19658, SYSTEM/362 SCIERTIFIC SUBROUTIKE
PACKAGE, VERSICN 111, I8M,WHITE FLAIANS,MY

SURRCUTINE NET3(HNY» A, nD M, TER)
DIMENZION Y(1),2(1)
TEST OF DIMENSION

IF(NDIM=3Y4,1,1

TEST OF STEP SIZE

IF(HY2,5,2

PREPARE DIFFERCNTIATION LONP
HH= 5 /4

YY=zY(NDIN-2)

By (2)+Y(2)

Bz (B+3~Y(3)=Y(L)~Y(1)=Y(1))
START DIFFERENTIATION LOOP
DY 3 1=3,N0D1H

A=R

Brttha (Y (1) =Y (]-2))
Z(1-2)=A
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ENG OF DIFFERENTIATION LOCPR
MORMAL EXIT

TIER=Q

A=Y (NDIM=1)+Y(NDIN=-1) ,
ZONDIMY zHMHe (Y (NDIM)+Y (NDIMI+Y (NCIMY=A=A+YY)
F(HDIM-1) =8 .

RETURN
c .
G ERROR EXIT 1H CASE NOIM LESS THAN 3
c
4 1ER=—-1
RETURN
C ERROR EXIT 1N CASE OF ZEXC STEP SIZE
G
5 [ER=A
HETURY
EaD
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THIS PROGRAM EVALUATES THE FCTENTIAL DISTRIBUTION ON A

e b

FINE NETHORV PLACED ARQUND THE SCURCE, RESULTS OBTAINED FROM
THE COaRSE NEZTWORK, FOR THE ZhTﬁﬂFACE BETWEEN THE TWO RETWORKS,

MULTIPLIED 8Y CONDUCTANCE VALLES A~E USED AS INPUT CURRENTS

THE HMOST IXTeRHaL Lodp oF THE FINE HETWORK,
THE PROGEAM 1S WRITTEN IH ?QRTRA~4 LANgbAGE ARD WAS

DEVELOPED OW A DIGITAL COMPUTER CCRPORATION «CDEL PLOP~44
COVPUTIR, A TIME-SHARING SYSTEM, TwE FRCGRAM REGQUIRES a TOTAL

IGK WORUS OF STORAGE,

PROGRAM INPUT:

ﬁA*A FILE GFENERATED BY PHCCRAM CGRID
YALUEZ GF RESISTORS AnyD CURREXNT LSEN ON THE NETWCGRK

™o
Ty
<

1Y POTENTIAL DISTRIBUTION FNR FINE HETWORK
@Y M CASE 4F ZRROR DN M INTESPOLATICHS THE PROGRAM
STOPS anD AN ERROR MESSAGE IS GIVEN AS QUTRUT

VARTABLES MAME:

Bow TOTAL wUMMEER OoF NOOES. ON THE JETHORK

Lx = NuMp mr NODES Ty x-nlRECTICH

LY - N CFOUGF ONODRES Tn Y-nIRFCTIC

"= 10Ty OF TwHE RAND OF THE MATRIX OF COEFFICLENTS
g

(HAS To BE AN nﬂs U

R}
AL DI e e O
S

V- QURRENT VECTO AP TER RETURNED FROM BANSOL V
CONTATHS THE P STENTI AL ALUE FOR EACH ?‘-DF)"'

L~ IS TzE AQUGLY nINENSIOnID HXM ARRAY MREICH COHTATIRS
THE FEATINENT FLEMENTS OF THE “ATRIX CF CJLF&1LIE“
Ay T<‘L,., ré[\”:.a EwL.':"!t_\TS Cr A GI‘-’ET; Rc. ’:!F Y ?’Qy’( A
APPEZAR T TRE SanE Ruk CF £ dLT SHIFTED SUCH TwAT
SLEMENT aCI ) R (‘\\l“”s[S Celaom x*(*‘*")/Z) )

CDH - »M_,‘\,"S‘ Y jlr; E,I‘ S L" A"QRAY p '111 ) o H’\TALI»K quc_

CONNUTTANCLS &&_mrgr TC EACK NODE
POTEN - Sviva DIMEMSIONED ARKRAY WiilcH CONTALLS THE
POTENTIAL DISTRIAUTION Ch THE CLCARSE KETWORK
PERANE = POTEMTIAL VALUES FRCKM COANSE LETWORK 3EING

RESIST -~ VALUE OF THE RESISTCRS BEING USED IN THE
METHORK :
CURREN ~ Dupul CURAEENT USER IN THE ANZTH iCRK

S

USen FOR OINPUT ON EXTFRIULL LOOP CF FIHE KTTWORK
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A.C. PIRES CECEMBER 4974
COLORADO SCHOOL CF MINES

[PRORS RG]

DIMENSION COR(399,4),V(399),0(399,43),POTEN(552),
1 PFRAME (4un) Zad Y (198)

CoMMON /GnEys N

COMMUN /THREE/Z M

f INITIALIZE CONSTANTS

Qrﬁr(*:l&)RESIST,"UQRF\
15 FaitiaT(2F)
(e e e = e et e ———— e o e
c PREPARE & Faasvy ”F pﬂTr\T‘nL y*L'F FROM COARSE GRIL
D e e e e e e e e e o e e ————
RO 20 lh=1,1%,2
MY =K+l
af PERAMELTAY=PGTER 7+KX)

A (1o

OC 30 KA=379,3%3 9 2
Az JA+L

S0 PEXAME (KA

o0 47 LA=
LI=L1+23

) Tf“‘fS'/’4*JH.
11379942-

4z FREAME(LAY=2POTEN(L145+01)
DN 82 MA={X,399.,42
“1"” +23
of PERANE(Ma)=p0TEN(LS ﬁ+%‘>
[ INTERPOLATE ON THE VOR*H SICE OF THE FRAME
C.......‘—"‘-..___,-‘_ _______________________ P e MY o o o e, . - e T Wy v o e -

Ni=11
IMaY=z11

B0 er I?fl:ll
NLIEy=20l AT 18~
& YT, ’:{-l’fgﬁg-?g:(;g.;.lf‘-lj



118
T-1746

YI=FLOAT (X))
YX=YLAGCXT X Y, INDL N, IMAX, TEX)
IF(IEX,g.2ycd TU 1342

7 DFﬁAME(VQ):YX

i NTEPDﬁLhTE QJ TRE SQUT4 SIDE 2F THE F?AME

{ .«..-.-..-_._-w.--u-m.....___..,.._.-..n..w.---'-..m_...v.-._-...-—..-.--—-w‘.-n_n..n-—-”-”-n--.—-..

U0 @ KT=2,24,2
00 86 IC=1,11
MUIC)=gwb | JATCIC) -1
57 YCICi=PPRAMEZ(377+2010)
K1=FL2AT (¥,
"X=‘r'l-AG(>{1;X:YpI N1 N1, THAY, TEX)
Fele X NEL2Yy60 TO 1442
G PF%AHE(37E+KC)=YX
[frmam m o e o o o e e v m e e e T T o T vm = e T e o ome - v M ay e W T e . > e . T PR o . - - -
C INTERPOLATE OV T%F EAST SInE CF THE FRAM
[ e e e o v e o e o = — e e e e e e e o e e b e
s R IV
IMAX=12
LO 18 XD=2,18,2
Ldzil+a2
ag 3 a2 IT=4,12
1a¢ XCITY=2+7L0a (1T~
00 13192 Ji3=1,379,42
LE=lE+1
114 YOLE ) =PFRAME (JD)
X1=FLOAT (KD
YX=YLAG (X P ML, TMAXY, 1EX)
IFCIEX MNP o dad
129 PERAME(LD~2
[ e e o e e e = o = e n = m e e e T e e o o o o n
g INTERPOLATEL 0N THE WEST SIrE CF Tkt FQAVF
C«‘--'"*-—"——-*--—--———-'— .........................................
B0 152 %£=2,18,2
Lfz=lF+42
D0 132 1f8=1,:18
13y XCIEY=2#F L 0aTCIE) -1
DQ 147 JErLX:E?‘@:GZ
LG=L5+1
142 YOLG)=PFRANE(JE)
XI=2FLJ3AT (ke
YX=YLAGIXT, X, Y, INDL, N1, IMAX, TEX)
IF(TEXNE,)GO TO 1786
156 PERAME (LF ):vx
PFRAME(LSy)Y =02,
QF'NA'I(?_T,('):;E,
7 SET COLDUCTANCE VALUES FOR Eari HINE .
P e e e n = P m m > m —  —ra am e -
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DO 168 Jd=1.4
1Ad CDR(1, J)51-/RF"IST

DO 172 Kegenl
V(179 =0URPIY
V(221)=~CUHREN
Do 2840 Ki=1,LX
187 V(KZ i =PFRANE(K2Y L1, /RES]IST
D0 260 KY=zq,3%79,LX%
194 VIRY)=PFREAME(KY)#1, /RESTST
24 V({J)=PF%Aﬁg(KN)~1./RESIST
a0 214 Kv=3?9,h
28 Y(KY)=PFRAME (KV)=1,/RES
[ e e e e e e e e ot e e e T = e e =
0 GENMERATE
[ e et e mn o s o e e o e s —n o - " e = e m am o o o o on e T - - o n T o o - s - an - — . -

g 259 ] '
258 COLD MY ==-CnR(LDE»2)
20 257 LE1=z0,n
260 CULE1,21)==abRLEL,3)
0o 272 LF1=)(.,.!X
D0 287 LGi=22,i
254 CLLGL,1)=~CnR (LGl 4)
L0 283 P=2,248
0280 IKzg3-1P, N
2R1 CCik,IPI=7,
0O 252 Iy=p4,42
20252 TU=1,h=(IVv-22)
2682 cCerIn,tvy=g,
[ e e e e = = S = s o e e e e = o
§ SOLYE 3YCT£M 0§ uI“EA* EauaTICnS

CALL RANSOL(C,Vr1D) e

(e e e e e e e e e o . " = o - -
“ QUTPLT p“TL ITIAL DISTRIBUTION rca FINE hET”ORﬁ
Crrc e e e e e ——————— e . ————————-
WRITEC(13, 3100 (VLJYsLJ=1,N)
3?:»4 F";\’f?’T(e}fi"ké."z)
GO OTO 314
1P WRITE013,4000)
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C

GO TO 314
WRITE(1d,q800)

GO TO 31is
HRITE(lﬂaiQSﬁ

GO TO 31z

MRITZ (14,154
FORMAT (4@ ¥, 'CRROR
FORMAT (10X, 1£ERROR
FORMAT(L0X, ' fRROR
FORMAT (1Y, *ERROR
CONTINUE

SToP

END

INTERPCLATIGN
INTER®CLATION
INTERRCLATION
INTERPOLATION

PRI Y S

. e e oww

R EY

-—

o em o

120
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e e m=w=FUNCTION YLAG-~

THIS FUHCTIoN CRRIES QuUT LaGRANGI
T 00
RO

Fisg hNoOOF ONE VARTABLE, GIVEWN ap SET
SUEPRDOGRAM CALCULATES THE POLYNOMIAL

BY THE LAGRANGIAN #LTHOD ALD THER INT
NESIRED LOCATION ALONMG THE CURVE,

VARTARLES NAME:

YLAG ~ FUNCTIO SURPROGRAM Wk ICHK
APPRAXTIHATION AT

X1 « ABZISSa OF THE ﬁESIﬁES INTER

o= STIHMGLY NYIMEMSIONED ARRAY (F D
INCOREASTHNG ABCISSAS

Y « STNGLY DIMINSTOMNED ARRAY CF G

Ny ! Ty INTESER 1ML E< CF TH

HTERPOLATION FokulUia, IF

o e

-t

—
—

LS

\

e FeTeoReRoTelele ol Neleo e o Ro e RO ke R

C Wl BE P
z P - : e INTE?
( R CF
o : BRI A
" IMin S FEOX-
G TEX ~ CRRI _
0 16X = -1 EXTRAPCLATION
!:: IEX - Z' ‘(,TFP»,‘,A)I’}I\
i £ = 1 EXTRaPOCUATION
C Y¥ - INTERPOLATED Y-VALUE
-
9 REFERENTUI(HMODIFIED AFTER)
» WESTLEY Cot, AR WATTS Jo
: COMPUTING TEaoWMCLECY CE
y CI8RARY, NTIG, SHRINCFIELC
G
(rm e mm e m e — -
FUNCTION YL:“\‘::(XI tx'Y’ I‘z'j)__"l) 1-""5!"\1\(!
DIMEASTION X)), Y (1)
IMp=INDL
?‘ﬁ!:»';l
IEA=3

IF(N,LE, IMAX)GO TO 1
N=IMAX
[EX=N
12 [FCTNDLGT 0G0 TC 44
0% 23 Jd=1,IMaX
TROXI=%C )30, 1.34.24
COAT INUE
1

w3
i

Af o T
4

’
o= L

™

121

At INTERBOLATION OF A

OF POIHTS, THIS FUNCTION
FITTING THROLGH THEM
ERPOLATES AT ANy

RETURSS THE FUNCTION

FulbaTED FOINT
18TIKoT MONOTONE
CRRESPCULING OROILATES
E CENTRAL FOINT CF THE
THC4=u, 4 TADLE SEARCH
ERFNR~ED

TEOLATICH FQLYNCM!AL
TrE FOLYSNOMIAL

T10)

atilaY CR Y-ARRAY

FRRFOAME

COCURED BELDw THE TaARLE
r
COCURED ABOV

THE TARLE

AL ENS., 1975, THE

EATER FLMERICAL ARALYS

- s w T e e e W e B WO e g W e "7 e

TEX)
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foe

T.4)G0 TC 52

A
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1o gt —4
D

o

IVL=I“3~(N+1)/?
IFCINLGT,.0960 TO 67
IMe=1 ‘

ITNis INL+N~1

IFCINULLE, IMAXH)GD T 80

INL= IMAX-HN4+q
INU=IMAX

S=i¢,

B=q,

D0 107 J=EruLsInd
Ppw(X1-X(J))

P RIS S
Dl (XO-X(1))
SEGeY LU/
YLAG=8«P
RETLRY
fizY

T

—

b o~
".-ﬂ

0y
i A

¥

e
s T F'l
g

E
P

0

n
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THIS PROGRAM EVALUATES THE GRADIENT OF THE POTENTIAL
DISTRIGUTION OBTAINED #WITH THE FINE NETWORK. CNLY ThE VALUES
z» A DIMMOND-SHAFED AREA AROUND THE SCURCE ARE TO BE
USED BECAUSE THEY ARE LOW ERKCR VALbEs,
THE PROGKAM 1S WRITTEN [N FOPT“AN 4 LANGUAGE AND WS
DEVELCPED ON A pIGITAL COMPUTER CGRFORATIOCN HCLEL FOP-q
CQSPUT Ry A TIME~SHARING SYSTEH,

PROGRAM NPT
UATA FILE GENERATED BY PRCGRar FIGKRID

PROGRAM GUTRUT:

1) RPOCTENTIAL FISLD DISTRIBUTICN USED AS IHFLT

7 GRADIENT oF ROYENTIAL F1ELD

3Y 1IN CASE OF ERRCR IM OBTAINING TRe DERIVATIVES ThP
PROGRAK STOPS Al An LRROR MESSAGE 19 GCIvED: AS bUTFUT

VARTABLES RaME:

(SEE FROGRAM EFD)

1RES NECEMBER 41974
mo SCEACL OF MIMES

SEaNsEe RGeS s NN Nl oRoRoRe RO O RoRORu BN oNoRsNeoNole oo Xe)

e W = e e e e R g S e T T e ST o T e e e Ay W e e M o T a7 T e am T ey o e ey R A g Gy PV W ey e T e A

%

DINENSION FOTEL(399),Y (5. ),EX(?99),uY!)99),E TELG03G9),

1 r{uZ}

LY=24

LY=1%9

Hz 3

OLI¥=1,E-4

ITOT=L xel Y
G NPUT DATAY POTENTIAL JLST?IiLTIO\ FRO' pn@g. FIGRID
[ o ee m o = e e o = o e = e = e v e e e T o o e 2 e e e o

REAVW(l, ,\')(p"tTf‘ (JE),JE= 1 1TCT Y
C ________________________________________ G an o T e o . WO, By g e WA e - —
¢ 2UTPUT POTENTIAL FIELD DISTRIGUTICH
(e e e e e e e e m e —— T ———————— - —— -
3 FORMaT(8816.,4)

CWEETE R, 9
o] FORMAT(2:2%, *POTENTIAL FIELN(FINE NETHORKY T, //7)

WP ITECE, Lt
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i FORVAT(lﬁx,'NQDE'ozﬁx,'POTENTIAL FIELDCVOLTS)Y L /)
ITE(B22) (K POTERN(K) ,K=1,]17CT)
h) FCRWAT(lﬁi,‘Q 27X111644)
g S e
c SET T0 ZERO ABSQLUTE VALuEw CF FOTLATIA' LESS THAN pagl
g O g

DO 5% J=1,170T
POTENCJY=ABS(POTENCI))
[IF(PCTENC ) LLELRDLIMIPOTEN(Y) 22,

5 COoNTIHNYE
[ an e e o e o e o e . e e o s o v o o a9 o 5 v W = e e o v o T -t e o - o o
C PREPARE BPOTEMYIAL VALUES FOR Lng»zTrvn om n=UIRECTION
C _______________________________________ PN L I R B I ] o - -y Y™ e aa
NDIH=LX
Do ¥ Kﬁzl,!TOT LX
17 Y(K)=POTEN(K+ (KR~ ~1))
L e e e et = e e s s e o T
C FVALD!TV DERIVATIVE ON X-D1 wEPTI“b
Clim e e i e —— -
Catl f:T)(*;YoilfU'“vI;p}
TFCIERLNE 3060 TG 149
Do oze /P'T’Ly
% NY(¥P+ (Ki-1)Y)1zz2(KP)

RE COLTINUE

$5%
00 672 JA=1, 0¥
OO 47 JB=J4a, ITOT-(LX=Jad,L¥X
SO0 L
4z YLD 2PATET ¢ UR)
L e e e e e o — — —— m — —— o ———— e e e . = s oy o =
C EyalUaTE DEmIvaTive ON v~b19trT1)ﬂ
£ e e e e e e - o -
CALL QETB( V f.qut,ltﬁ)
IF(I&W.N?.‘)Gﬁ TO 124
0o Bn JdC=1,LY
57 CY{daei X ie~1))=2(4C)
dh=g
&¢ COUTINUE
C.——.—-»—-—-———‘-.-—-....._, —————————————————————————— B o e . — ., - P i adhad
g CUPUTE GRADIENT OF POTENTTAL 215 Tw[%uTIq\
0D 72 MN=1,170T
77 EFIELT (M) =5GRT(D x<4')%a>+*Y(r“>**‘)
¢ QUTEUT GRAQTENT OF ﬂd’»“ sl oo TNLHJT c,
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ARITE(Z, 7SI (EFTELD(NT ) ,N7=4,1TOT)

75 FORMAT(AE L. 4)
HRITE(S,91) :

91 FORMATC 2, 00X, "ELECTRICAL FIELDC(FINE NETWORKY ', //7)
WRITE(B,42)

92 FORMAT (L%, *NODE ' s 2UXH» *ELECTRICAL FIELUCVCLTS/UNITT LENGTHY ', /7)Y
KRITE(S8,93) (JM,EFTelp(uM) , Ji=1,17CT)

GO TG 12¢

158 WRITE(14,146) |
113 FORMAT(S5X, 'ERROR In DERIVATIVE t!191')
124 STgP

End
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~~~~~~~~~~~~~~~~~~ PROGRAM AFCCHE~===-

THIS PROGRAM EVALUATES THE AFPAREMT CONDUCTANCE

126

T S S s o W OV o 0 pr, P P w0

DISTRISUTION ON

THE COARSE

NETu*Os«uK, THE T"‘,‘,'AL ELECTRICAL

FIELD DISTRIGUTION OBTAINED
IMPUT,

WITH THE FRCGRAM EFD [S USED A5

THE PROGRAM IS WRITTEM IN FCORTRAM-4 LANGUAGE AND
Was DEVELOPED 0N A DIGITAL COMPUTER CCRPORATICN MOUEL
PLRP-10 COMPUTER, A TIME~SHARING SYSTEM,

THE PROGHRAM INPUT 1S

THE TOTAL FLECTRICAL FILEL
gy PROGRAM EFD,

C DISTRIBUTICH OBTAINED

THE BROGRAM OUTPUT IS:
THE APRARENT CONDUCTANCE RISTRIBUTICH ON THE rISISTOR
NETWORK,

VARTARLES HAME:

LY = NUMLER OF NOIDES Oy ><;~:j}1;;'gjr;',ricm

LY = HUMBER OF NODES On Y=l1RECTICH

DIPOLE -~ LEMNGTH OF THE DiFALE SCURCE

LT*TAi - TOTAL PLE T?IL,E FIRLD DISTRIGUTION

R1 - DISTancE FROM ONE 450 CF TrRE DIRCLE SOURCE 70 THE

[STERSE 'T’CJ uf T:E MEASLRIMG SIPOLES.
R2 ~ DISTAIGE FROM QTHER EuD 0F TkRE DIRPCLE SQURCE 10
THE rwxaﬂsEaTzﬁa OF THE MTASLRING BIP LES
TELTA - ALGLE FORMED ©Y Ry aND RZ
AFPPSL ~ APPAREHT COMDUSTANCE €3 ThE RESISTOR HETACRK
A. ©, PIRES FEERLARY 41978
COLORADO  SCHOOL CF MIUES

DIMENSION FiXC2Z)»E70TALL4r Z),91.4ﬂ2).42(4Vﬁ) St4p¢),
4 RUATBAY , THED(4RE) ,AQELTA (ALY YLFPARTL(442),PART2(42),
2 APRCOC40D)

Ih‘TlALI 2 cO’ST NTS
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Pl=3,14159245
RIplibE=1,
CURREN=Y,
ODATA (FIX

1 1"Cl’Uo’4tlbv)6-'7"89'gi/

127

(V),\~1¢19)/9.98:p7or6935u14a:30p2,r190@.:

Comrmmm o m e e e e . ae o Tt o o e o £ = o s o e oo -
C NPT "ATb CFILE CREATED BY wRO(*Au £Fn
Ay g ot e v - 4 P m = o i oy - n a - e
READ(2,18)CETOTALCINY L IN=L,1TCT)
ia F@@“T(Bt‘é 4) )
(e e e o o et e e o o A o e e e e e e e A e e oo o
C EvALUATE R+ AND Rz FOR ALL hCth
oy M s . ———— -~
Ny
0o ng 121;19?
K=+
o=
R FIX(KY®a24F [X(J)®ap)
] FIX(R)wa2+ (FIXL))+1)8%7)
I GO 10 2z
¥
¥
27 C
{ <9
R 2)=R1(12)
£ 2ry=p2012)
S C
i ey abl GLE BET b Hi aNC RZ 7 OR ALL ANODES
o e e e ——— - e -
U0 4§ N3=1,1687
SE3 1=, 5% (D IPNLE+RL NI +H2(INT)Y)
REIZI=SONTO((SI(NIY-DIPOLE) s ( S NZI=1 A3 )#(5(~3)~
1 O RZINZIII/SENIYD
THED(NZY =R {4 2) /(S (N3 =D 1 ECLEDY
ADTLTA(MNI Yz, # TANTHED(13))
4 CoONT INYE
00 57 Ndz182,147
Sd )= Be (D 1POLE*RL(Na)Y+Z2(N4))
R(“4,=SL§r(r(S(”s) DIPGLI) # (E(HA)=R1(NA4))E(S(}4)~
1 B2(N4) /5 (Ne))
TqFlfp4)~ﬂ(ﬂ4)/(q(14)“J'fCLE)
ADELTA(MNa)Y=,, oaTAN(THFD(u4)
B2 CONYINUE
D0 6 NB=1,190
ADEL TALITOT+1-15)=ANELTACNG)
&4 CONT INUE
z EVALUATE AGpARINT oM DUCTANCE FOR LLL. Coes
[ e e e e —— o —— > o e . e = e o = o v -
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70

By

PART 1 (N6 =CURREN/ (2 #PT«R{(NCISETCTAL(1i6))

FART2(NG) =SQRT (L. +(RLINEY/P2(NE)Ian2-2 B (RL(N&)/R2(M6))*
1 COSCADELTA(NG)Y))

APPCDINS) =PARTL(NE)RPARTZ2(16)

CONTINUE

DO 8y #72462,199

PARTL 7 02CURREN/ (e 2P TaRP (NI RETCTAL(H7))

PART2(HT7 5 2SaRT (L. +(RL(NT)/RZ(NT I 1ea2=2 (8 (RL(NY)/R2(NT ) #
1 COSCADELTA(NZ)I)

APPODINT YaPART L (FH7)YHPARTZ2(NT)

CONT IR '

00 92 NB=ppq, 1707

PART (WBY=CURRIN/ (o P aR{ (NEYHETCTAL (18))

PART2(Mg) =3QRT(L, + (RL(NRI/R2(NGI VS22 9 (RLI(Ng) /RZ(tig))®
1 ofSCARELTACNE)))

APPCO(NA =PARTL(NB)#PARTZ(NS)

conT I NUE

WRITE(L?,121)

FOavaT(2:X, "APPARENT CONOUCTANCE(COARSE HETWORK) ', ///)
FORMAT(LAX, "NOLE ', 22X, *APPARERT CCADUCTANCE (MuU) 4, 727)
KRITE(L7,123) CUALAPPCD(Ua) ,da=1,1T10T)

FORMAT(LIX, 14,28X,81644) .

SToP

£ND

ol o
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Crmmmmmmmm e mm e e e = PROGRAN APCOND = mmmmm e e m e e o =
C
[
C THIS PR OuRAM EVALUATES THE AFPARENT CCOHOUCTANCGE
C DISTRIBUTICON On THE FINE RESISTCR NETWORK, THE TOTAL
C ELLCTRYCAL FILgD DISTRIBUTICN OBTAINED WITH THE PROGRA
COEFFIGR IS USED AS JPLTQ
C . THE PROGRAM IS WRITTEN IM FORTRAN-4 LAMGUAGE AND waS
¢ DEVELOPED QN A DIGITAL COMPUTER CORFORATICH MCDEL PLP~19
o COMPUTER, A TIME-SHARING SYSTE™,
C
»
4 THE PROGRAM INPUT [S:
" THE TOTAL ELECTRICAL FIELD DISTRIBUTION OBTAINED
C 8Y PROGRAM EFFIGR
G
C
o THE PRIGRAM QUTPUT 18
&
c THE APPARENT CONDUCTANCE DISTRIBUTICH ON THE mETHORK
"
c VARTARLES NAME:
o
e (SEE COMPUTER PROGRAM APCONY)
9
3
c A. ©, PIRES  FEDRUARY 1975
C COLORADO  SCRCOL  OF  HINES
L et et e ot o e e e e e = e = = = - -~ b " "~ o - = o - - o -
DINCHSION FIX(21)ETOTAL(AZZ)Y ,R104V2),R2C4C2) . S(40 ),
1 O RGAZAY, THFOCEA) ,ADELTA (4G ) ,FPARTI(41B) PARTZ2(47 1),
2 APPTZU(ag?)y
£ e e o e e o e T o o = e = = = T o = = e s o e e -
c NITIiALIZE VO*IDTAF\'TS
LX=21
LY=19
IToT=LXeLyY
PI1=3,%4159245
DIPNLE=1,
CURSCH=1,
DATG FIX(K))K“—L!ZI)/S 0594-’3l5!30l2O5 .0105’1-!0»«1
1 ’Z‘,’ :-Sll.ol s 2-’6:5!3.;3.514.040‘505«/
cu-—-@——-u-.--._-_...,_‘--._—-mv..———_---—....,.-Q—---—*———‘--‘—-.—..——--.---v——-.‘.—f
¢ IRPUT DATA: FILE CREATED By FROGRAM LFFIGR
C—-——-—---—.wm——-..-_“_.____.,.....--.-...um-n.‘...~-..~....———s-—-vao---—-l-—--—_.-_—’—-\,,ﬂ...- nnnnnn
READ(3 )(E*']TAL(I e in=1,1T1CT)
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10 FORUAAT(8E16,4)
)R O O g g e s ey - - -
C EVALUATE R1i AND R2 FOR ALL ACLES
D mm e e e e ——— e et e e o
NEa
D0 22 121,189
K=K+
N
RYCI)=SART(FIX(KI #2224 (FIX( Y- )9 %2)
R2(T)=SORT(FIX(KI#a2+F [X(Jy#au2)
IF(K,LT.21)50 TO 22
Noiled
2% COHTINYE
DO 37 12:51490,212
K2=Ko+y
RI(I2)ISSERT(FIX(K2)I#%2+ ,5¢0D)
R2(12)1=R2(ir2)
3 AOnNTIUE
0N 47 13=1,119
RILTT0T+1~-13)=RrR1(13)
R2(ITOT+2-13)=R2013)
4 COMTINUE
(o e o o  ————_—— e = - T e e = —
C EVALUATE AnNGLE BETLEEY Ry AND R2 FOR ALL NGDES
i N0 EY N4sq,178
SL54) 2 5+ (DIPOLE+~R4(NI)+RZUING))
R{4 =300 T(((q(“f)vJ'PFLLJw(' M4)-ik1(ra))s
1 (S(NA)=R2(AII/50040)
THED(NA) =2 (4 /(5045 =-3180LE)
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