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ABSTRACT

Electromagnetic physical modeling technique for geo-
physical exploration has been used for many years to study
the actual electromagnetic systems through a small scale
model, and has proved to be an extremely useful tool.

The basic principle of physical modeling, called
electromagnetic similitude, is usually derived from
Méxwell's equations, but the relations of parameters or
measured voltages between nature and the model are not
clear. Therefore, starting from well known equations of
electromagnetic theory, clearer relations were developed in
Chapter 1.

Due to the progress in microprocessor techniques, very
flexible and capable physical modeling systems were devel-
oped. The ramp time of the inverter, which was developed by
using a high voltage transistor, was about 35 microseconds.
High gain and stable amplifier was designed by using OP-27
operational amplifier chips and ICL7650 chopper stabilized
amplifiers. A data acquisition system was developed by
using Motorolla M6809 microprocessor and an Analog devices
AD578 A/D converter chip. Maximum sampling rate of 50 KHz

was established with 12-bit resolution. Developed systems
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were explained in detail, and the accuracy of these systems
was checked using a conducting sphere.

For mining or geothermal exploration, the time constant
of the field data is very important in estimating the size
and conductivity of the ore body or geothermal reservoir.
Since the time constant of rectangular plates was not known,
physical modeling experiments were performed and an empir-
ical equation was obtained.

If a receiver is far from a conducting plate, field due
to the current in the plate create approximately the same
field due to the current dipole at the center of the plate.
And an empirical equation for the moment of plate was ob-
tained, which allows us to calculate the field very easily.

Profiles of vertical thin plate and vertical thick
plate were explained for the interpretation of field data.
And in case of a vertical thick plate, reversal of the
polarity of the measured voltage was observed at early time.
From the shift of the zero crossing in the profile, the

thickness of the plate can be estimated.
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INTRODUCTION

Electromagnetic methods in geophysical prospecting have
been used since the late 1910s to solve structual, mining,
well logging, geothermal and engineering problems.

For the structural problem, magnetotelluric, frequency
and transient sounding methods are among the techniques used
to determine the depth of basement, resistivity and thick-
ness of layers. The theory of these methods is mainly devel-
oped for a horizontally layered medium and interpretation is
mainly developed for this type of problem. But for more
complicated structures, which are often met in practice like
a vertical contact, inclined layers, topography and hetero-
geneity within layers, the analytical approach is limited
due to the complexity of the boundary value problems.

For mining geophysics, targets are usually conductive
ore bodies of complicated shape, and analytical solutions
for such a type of model can be obtained for some very
limited cases like conductors of simple shape such as a
sphere, ellipsoid, dyke or cylinder in free space or layered
medium. /

The induction method was introduced to well logging by
Dol1(1949) and has been developed to be one of the most

commonly used resistivity tools to determine the electrical
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parameters of rocks penetrated by wells. In these days,
very sophisticated multi-coil tools are used (Allaud 1977).

The electromagnetic physical modeling technique for
geophysical exploration has been used for many years in
studying actual electromagnetic systems through the use of
small scale models. Many problems which are very difficult
to solve analytically can be solved easily using physical
models. Physical modeling has been used since the early
stage of the development of the electromagnetic method
(Slichter 1932), and has proved to be an extremely useful
tool.

The basic principles of physical modeling experiments
are explained in Chapter 1, including the principle of
similitude which applies to scale modeling. Recent progress
in microcomputer techniques allows us to develop very
flexible systems for model experiments, and one of the
objectives of this thesis is to develop a physical modeling
system allowing the analysis of electromagnetic anomalies
for various geoelectrical conditions. Instruments and
related software developed are explained in detail in
Chapter 2, and a check of accuracy using a conducting sphere
is explained in Chapter 3. Also, some examples such as a
conducting thin plate, and a conducting thick plate are

explained in Chapter 4.
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CHAPTER 1

ELECTROMAGNETIC PHYSICAL MODELING

1.1 History of physical modeling

1.1.1 Early stage of the development of

the electromagnetic method

The earliest attempt to use the electromagnetic
method was done by Harry R. Conklin, an American mining and
electric engineer, in 1917 (Conklin 1917, Kelly 1950). A
circular primary loop of 200 ft. in diameter was used, and
ore bodies were determined from the distortion of equi-
magnetic-intensity lines which were drawn by using two
receiver coils connected in series. Conklin obtained a
patent on the method and made the first experiments in
Missouri (Heiland 1938).

At about the same time, development of the electro-
magnetic method was begun by H. Lundberg et al. in Sweden.
Bergholm conducted the first model experiments in 1918. In
following years, many ore deposits were discovered by
Sundberg et al.(1925,1930) in Sweden using this method. They
used a horizontal rectangular loop as a transmitter (about
200 by 100 m) and measured inphase and quadrature components

of vertical and horizontal magnetic fields along transverse
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lines. And this method was introduced into America by the
Swedish American Prospecting Corporation, and used for
mining and oil explorations (Wilson 1929, Zuschlag 1932,
Focken 1937).

In addition to measuring the intensity of the field,
directions of the major and minor axis of the field were
also measured by Sundberg et al., and theoretical investi-
gation of the method was done by Watson (1931).

The Elbof method, which uses current electrodes as a
transmitter and measure the direction of thée magnetic field
by nulling sound from a receiver coil (Mueser 1926), was
used by Eve and Keys to investigate ore deposits at Caribou,

Colorado (Eve and Keys 1928).

1.1.2 History of frequency domain physical modeling

The physical modeling technique has been used since the
early stage of the development of the method. For example,
Slichter(1932) explained the principles of similitude, which
are derived from Maxwell's equations, for electromagnetic
physical modeling. By using a physical model (3ft. diameter
conducting sphere, and 13,000 to 50,000 Hz transmitter
current), the response of a conducting ore body was
investigated.

Bruckshaw(1936) measured the magnetic field due to
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conducting circular disks in a uniform magnetic field.
Hedstrom(1940) devised the Turam method, which makes
use of phase measurements, with field examples obtained by
the Swedish Geological Survey. Physical models for a
rectangular dyke were used to interpret the field data.

" Thereafter many physical modeling experiments were
performed in the frequency domain. For example, the response
of a conducting disk was studied by Douloff(1960), and by
Poddar et al.(1966). The effect of overburden was studied by
Lowrie and West(1965). Fraser and Ward(1967) published
modeling results for a conducting cylinder, dike and sphere.
The slingram method was investigated by using metal sheet
models (Ketola and Puranen 1967). Frischknecht(1971)
performed physical modeling with conducting bodies in a
conducting medium using a water tank.

For the magnetotelluric method, analogue models have
also been used to investigate the effects of vertical faults
and dikes (Dosso 1966), and the effects of the ocean coast-

line (Hermance 1968).

1.1.3 History of transient physical modeling

Although the early stage of the development of the
electromagnetic method was based on the frequency domain

theory, the transient response was also investigated in
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early 1930s (Riordan 1931). Yost et al.(1952) used physical
models to investigate the transient response of the earth.

Barringer (1962) developed INPUT transient airborne
system, and physical models have been used intensively to
investigate the responses of various types of ore bodies.
For example, Becker et al.(1972) studied the transient
response of a conducting dike using physical models.

For the ground system, Ramaprasada Rao(1973),
Spies(1976) and Ogilvy(1983) showed the transient response
of a conducting plate for a coincident loop system. Doll et
al.(1984) used physical models of layers made by lead and
copper plates to investigate the transient response of
layered earth. Frischknecht has been studying the transient
response of various ore bodies in the conducting medium

using a water tank.

1.2 Similitude of electromagnetic physical modeling

In order to use physical modeling, the dimensions of
ﬁodeling must either (1) coincide completely, or (2) differ
only by constant, with the dimensions of the measurement in
nature. For this purpose, the theory called electromagnetic
similitude has been derived and described in many papers

(for example, Slichter 1932, Stratton 1941, Sinclair 1948,
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Frischknecht 1971, Spies 1976, and so on).

This theory, which can be derived from Maxwell's equa-
tions, and which is explained in Appendix A, shows that the
results of physical modeling can be used to relate electro-
magnetic fields to a different geoelectric section provided
that certain parameters are kept constant in both cases.

In this chapter, these conditions will be formulated
for both frequency and time domain by using the equations

for an electromagnetic field in a conducting medium.

1.2.1 Frequency domain

As is well known, the complex amplitude of any
component of a magnetic field, ﬁ, can be expressed for

frequency domain as follows

- r
H = Hoh —8'- s, By 7)) (1.1)
1
where Ho : any component of primary magnetic field
h : dimensionless function which is different

for each vector component

r, : one of the geometric parameters,
for example, separation between transmitter
and receiver, or the thickness of the first

layer and so on

THUR g LIBRARY

cgéloDEN, COLORADPO 80401
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_ B B
[ e
the resistivity of one of the parts of the

..+ : resistivities normalized by

medium
r, r . . i

B= -2, =2, ... : dimensions normalized by r
n n

M
[T 1
normalized with respect to the magnetic

... : magnetic permeabilities

permeability of one medium
81: skin depth of the medium with resistivity

and expressed as

2
61=\/—;nzzr (1.2)

where 0, : conductivity of medium 1
HM,: magnetic permeability of medium 1

w : angular frequency

Therefore, if we use the subscripts n and m to represent the

nature and model respectively, we have the following

equations
Hn = Hon hn —?—"— , O, ﬁn, %) (1.3)
n
and Hn = Hmbhn( =™ otn, Bu, %) (1.4)

im
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Performing modeling, we keep the ratio of resistivities
(a), dimensions (B8) and magnetic permeabilities (¥ ) to be

the same for nature and its model:

On= Om (1.5)
Br= Bnm (1.6)
7n= 7m (1.7)

Therefore, two functions hn and hm are the same if the

following relation is valid

Tin _ Tim
01n Oim

and, by substituting equation (1.2) for the skin depth :

O #nnwnr.fl = Oy #mlu&nril (1.8)

As follows from equations (1.5) through (1.8), we have the

same relation for every medium, that is
On Mn wnrr% = Om “"mwmrrst (1. 9)

Thus, for the same type of arrays, when the same component

of the field is measured, the following relation yields
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(1.10)

This equation shows that the fields measured in nature and
in the model coincide with each other when they are
normalized to their primary field strength.

The primary field Homcan be either measured or
calculated, while Hm is measured by the modeling. Since
the primary field in nature Hon can be calculated, the
magnetic field in nature Hn can be obtained._ This is the
purpose of physical modeling.

Usually, in practice, the electromotive force in a
receiver coil is measured. Therefore, the relation of the
electromotive forces for nature and model should be
investigated. As is well known, the magnetic field is the

real part of following equation :

A =He¢ (1.11)
where it= -1

Therefore, its derivative with time is

i .

oH = ipH e'¥' (1.12)
ot

then V = iwuHoMrh

Vo h
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where "V ! complex amplitude of the electromotive
force in the receiver coil
Vo = iwuHoMr : primary electromotive force, i.e.
the electromotive force caused by the
primary ﬁagnetic field

Mr: moment of receiver coil
Therefore, for nature and the model, we have

Vn= Von hn (1.13)

and Vm Vom hm ( 1. 14)

Since functions h and h are the same as those in equations
(1.3) and (1.4), we have the following relation for the

electromotive forces for nature and the model

Vn Vm

VO n VO m

(1.15)

if condition (1.9) holds. Because the primary electromotive
force Von can be calculated and Vom can be measured or
calculated, and Vm is measured by the modeling, we can
obtain the electromotive force Van. Therefore the electro-

motive force in nature can be derived from physical

modeling.
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From this consideration, we have shown that the same
condition (1.9) is applied to measure an electromotive force

as to measure the magnetic field.

1.2.2 Time domain

For the time domain, the amplitude of any component of

the magnetic field, H , can be written as follows

= T
H = Hoh( — , a, B, 7 ) (1.16)
)
where T, : the parameter which defines the behavior

of transient response and expressed as

T = zn\/—zﬁl—f (1.17)

Then, the functions hn and hm are the same if the following

conditions hold

Oh= Olm (1.18)

Bn=Bm (1.19)

Yn="%m (1.20)
Jio - Tm (1.21)
Tin Tim

By substituting equation (1.17), this equation can be

rewritten as follows
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2
Um“mﬁﬁ_ O1m M Im (1.22)

tn tm

Taking into account equations (1.18) through (1.22), the

following relations must be valid for every medium

2 2
Inbolr . Gomlmim (1.23)

tn tm

Therefore, by creating a model which satisfies equation
(1.23) for every medium and by using the same type of array
and measuring the same component, the field normalized by

the primary field can be the same for nature and the model

Hn Hm

Hon Hom

(1.24)

Since Honis calculated, and Homcan be also calculated or
measured, and Hm is measured by physical modeling, the
magnetic field in nature Hn can be obtained.

The relation of electromotive forces for nature and the
model can be considered by taking the time derivative of

equation (1.16)

OH _ . 0oh Ox ot (1.25)

ot O0x OT Ot
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where X = ——
T
1
Inasmuch as éEi = — and or _ T , we have
orT r ot 2t
OH H oh T
ot ox 2tr
L
ax 2t

Then, the electromotive force for nature and the model can

be written as follows

Vo = Hon‘ln MRrn Ohn _xn (1.26)
\ aXn 2tn

Vi = Hom Mgy Q10 %o (1.27)
aXm 2tm

If relation (1.23) is wvalid, two functions h) and h!), are
the same and Xn= Xm. Therefore the electromotive force for

nature can be written as

Hon pin MR, tm
Vn = Vpy—m—mm™ (1.28)

m
Since we know the right hand side of this equation, we can
obtain the electromotive force in nature, Va.

These results can be illustrated by considering the
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following example. Suppose a vertical magnetic dipole is
located on the surface of a non-magnetic uniform half space.

The vertical magnetic component H; is expressed as

My
HZ = = 3 hz
4y
= Hohgz
My
where H = -
4oyl
r : distance from the transmitter
Mr : transmitter moment

and h; is a dimensionless function :

h;

U2
1 - (1- —27) bu) - 1/—§- e‘T(-z- + 2u) (1.29)

2mr
T

where u =

and @(u) is the error function expressed as

w t?
d(u) = ‘/—72?/ e~ 7 dt
0

The time derivative of Hz can be written as

_gﬂ_ = - :gﬁf;r hj (1.30)
t nr
18p

— Hohz
r
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7 _u? u? ot
where h' = ¢(u) -‘/7F e Zyu( 1+ e ) (1.31)

So the electromotive force for nature and model can be

written as

18p

A = —— Hon hy,'Mg, (1.32)
Y
18P

Vm = ) Hom hz Mgm (1.33)

Then by substituting equation (1.21), the electromotive

force in nature can be written as follows

Hon M Rn tm
Vo = Vi 1.34
n m Hom Merm ¢tn ( )

This equation is the same as equation (1.28).

1.2.3 Geometric and time scale factor of modeling

From the results of the previous section, a physical
model must be constructed so that every corresponding medium
or structures for nature and the model satisfy equations
(1.9) or (1.23) for frequency and time domain respectively.

Equation (1.9) can be rewritten as

On Mn - RY
S = @ b (1.35)
where a = —gr is the frequency scale factor, and b = :"
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is the geometric scale factor.

From equation (1.23), we have :

G b?
T‘:‘%‘= —C— (1.36)

tm is the time scale factor of modeling.
n

The conductivities of an earth structure ¢, vary from highly

where ¢ =

conductive ores with about 103mho/m to resistive rocks with
about 107 mho/m. Therefore, modeling materials with a wide

range of conductivity 6, are needed.

1.3 Approaches to physical modeling

1.3.1 Modeling materials

Physical models are constructed using various materials
such as metals, graphite, electrolytic and artificial
materials (composites of conducting and insulating
materials). Table 1.1 shows the conductivities of materials
used for modeling, and the conductivity spectrum is shown in
figure 1.1.

First of all, physical modeling can be divided into
several approaches which differ according to the materials

used to construct the model, such as
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Epoxy, copper loaded
Wax, bronze loaded
Resin, graphite loaded

Hydrochloric acid, 10% W
Sulfuric acid, 10% W
Sodium chloride, 10% W
Copper sulfate, 10% W
Sodium chloride, 0.3% W

Material Conductivity
(mho/m)

Silver 6.17 x 10

Copper 5.81

Aluminum 3.84

Zinc 1.69

Brass 1.4-2.0

Steel 0.5-1.0

Bronze 0.5-0.8

Lead 0.48

Mercury 0.10

Graphite 0.7-1.2 x 10

0.25
0.1-0.13

62.9
39.2
12.0
3.2
0.054

Table 1.1 Conductivities of modeling materials

18
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Silver
Copper
1 Brass
100 4 Bronze
Lead
10° |

10" + Graghite

Epoxy,

copper loaded

10" | Wax, bronze loaded

10° + Resin,

&
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o
< 2
E 10" -
>
=
.y 1 .
> 100 4+ Sodium
-t
&
O
E Copper
g 10" {
O
Sodium
107! |
Sodium
107 |
Sodium
107 1

Figure 1.1 Spectrum of conductivities of

graphite loaded

Hydrochloric acid, 10% W
Sulfuric acid, 10% W

chloride, 107% W

sulfate, 10% W

chloride, 1% W

chloride, 0.3% W

chloride, 0.03% W

modeling materials.

>

~-E

solutions

metals

artificial

materials
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(1) modeling with metals
(2) modeling with electrolytic
(3) modeling with artificial materials

These are explained in the following sections.

1.3.2 Modeling with metals

Metals have been used for a long time to make models.
They have the following features

(1) high conductivity

(2) small range of conductivity
The conductivities of commonly available metals differ
only one order, from 5.81 10 of copper to 4.76 10 of lead,
as shown in figure 1.1. To make models, the ratio of
conductivities must be kept constant for nature and the
model. But due to the small range of conductivities, metal
can not be used to make a model which has a wide range of
conductivity contrast.

In some special cases, where the influence of the host
rock is neglegible, a simplified model using metal can be
used, that is

(1) Host rock is so much more resistive than the ore

body and the overburden that the current in the
host rock is negligible compared to the current in

the ore body and overburden.
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(2) Thickness of overburden is much smaller than the
skin depth § in the frequency domain, or parameter
T in the time domain.
(3) Transmitter receiver separation is relatively
large in the frequency domain.
If any of these conditions is valid, the overburden can be
replaced by a conducting thin plane, and the effect of the
host rock can be neglected. Therefore, very simplified
modeling can be performed.
If the model has axial symmetry as in the case of
induction logging, an integrator method has been developed,
which uses a set of metal rings to represent the medium
(Kaufman 1959).
The modeling by metals can be illustrated by consider-
ing the following conducting dike model shown in figure
1.2(a):
(1) Currents in host medium can be neglected.
(2) We use a geometrical scale factor b=1/1000 (figure
1.2(b)).

(3) We use aluminum to make the model (g, = 3.84-107
mho/m) .

(4) From equation (1.35), the frequency scale factor a

is obtained as follows if we assume HU,= U, :

a = ¥Wm _ 9 12 _ 0.26
wn a'm
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'(5) From equation (1.36), the time scale factor c is

obtained as follows if we assume Mn=Um :

In _ 90 2 _ 3,84

CcC =
t- Om

Therefore, the frequency or time range for the modeling
differs by a factor of nearly 4 from that used in nature.
Usually, if metals are used for modeling, almost the same
frequency or time ranges as those used in nature can be
used.

Figure 1.3 shows an example of the frequency domain
response for a confined ore body. The abscissa of the curves
is one of the geometrical dimensions normalized by the skin
depth, r/8. From equation (1.1), if the parameters a, B and
? are fixed for the model, the nondimensional function h is
defined only by r/§. Therefore, the modeling results can be
applied to various dike structures which have the same
parametersa, Band 7.

Figure 1.4 shows an example of the time domain response
of a confined ore body, plotted as a function of T/a. Simi-
lar to the frequency domain, modeling results are applied

to various dike structures which have same a, B and 7.
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Figure 1.3 Frequency response of confined ore body
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Figure 1.4 Time domain response of confined ore body
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1.3.3 Modeling with electrolytic

Electrolytic solutions are also used for modeling.
Unlike metals, they have a very wide range of conductivi-
ties but the maximum conductivity is only about 20 mho/m
for a saturated sodium chloride solution (20°C). Due to this
relatively small conductivity, large-size models and high
frequencies (small times) are used.

Since there is more than a 5 order of magnitude difference
of conductivity between metals and solutions, or more than a
3 orders difference between graphite and solutions, models
made with metals or graphite and solutions can not be used
in general.

It is not easy to separate the solutions of different
conductivities while maintaining electrical contact. For
this purpose, a non-disturbing boundary is sometimes used,
which is made of an insulating plate containing many holes
filled with conducting materials. Figure 1.5 shows an
example of modeling with solutions using non-disturbing
boundary.

Because of the wide range of the conductivity, modeling
by solutions is often preferable to other methods. An
example of modeling using electrolytic solutions is shown in

section 1.3.5.
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// ‘Holes filled with conducting material

Insulating plate

Figure 1.5 Modeling using non-disturbing boundary

1.3.4 Modeling with artificial materials

Since there is a large difference of conductivities
between metal or graphite and solutions, there have been
many attempts to introduce artificial materials to fill the
gap.

By loading a suitable binder with a sufficient number
of conducting particles, materials having this range of
conductivity can be obtained. Pritchett(1955) used bronze
‘particles in a mixture of wax and obtained a material having
a conductivity of about 1.25-10*mho/m. Frischknecht(1971)

used polyester resin mixed with flaked or powdered graphite
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to produce materials ranging in conductivity from about 10
to 10 mho/m.

But there are serious disadvantages such as

(1) Conductivities are not stable with time.

(2) It is difficult to make such materials electrically

uniform.

(3) Materials are not mechanically strong.

Therefore, modeling with artificial materials is not widely

used.

1.3.5 Example of modeling using a solution as a host

rock and artificial material as an ore body

To illustrate modeling using electrolytic solutions,
let us consider the following example. Assume we have a
conductive dike of conductivity 1 mho/m, surrounded by a
medium of conductivity 0.01 mho/m, and geometrical
parameters are shown in figure 1.6(a). If we make a model in
which geometrical scale factor is 1/1000, and the time scale

factor is unity (tm=t,), from equation (1.23), we have

r,

rl

Om=0, =0,-10°% (1.39)

Therefore, we need a dike conductivity of 10 mho/m,

width 1 cm, and a vertical length of 10 cm as shown in
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figure 1.6(b). The conductivity of the surrounding medium
must be 10 mho/m. A solution of that conductivity can not
be obtained.

If the scale factor is changed to 1/20, the conducti-
vities of the dike and the surrounding medium became 4-10%,
and 4 mho/m respectively. These materials can be obtained
but the size of the dike becomes too large (Figure 1.6(C)).

If we keep the geometrical scale factor b = 1/1000, and
change the time scale factor to c=tm/tn= 1/1000, from

equation (1.36), we have

Therefore, conductivities of the dyke and the surrounding
medium become 10 and 10°mho/m respectively. Although the
size of the model is the same as that in Figure 1.6(b), the
time scale factor c is so small that we have to measure at
very short times (tm=104tn)- In nature, the measurement is
done in time units of milliseconds, but for this modeling,
we must deal with microseconds, and sophysticated equipments

must be used.
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CHAPTER 2

PHYSICAL MODELING INSTRUMENTS

2.1 Introduction

Development of instruments play a major role in
physical modeling experiments. Figure 2.1 shows a block
diagram of the transient electromagnetic modeling system
developed for this experiments.

The transmitter system consists of a power source,
inverter and loop. The current in the transmitter loop
supplied by the power source (battery) is turned on, turned
off and reversed in direction by the inverter, which is
controlled by the main processing unit to synchronize the
turnoff time with that at the receiver system.

The receiver system is consist of a coil, amplifier,
analog-to-digital converter and main processing unit. The
main processing unit consists of CPU (Motorolla M6809 micro-
processor), memory (RAM 58K, ROM 2K), programable clock,
serial and parallel I/0 ports and peripheral units (CRT
terminal, graphic printer, digital X-Y plotter, modem and
dual mini-floppydisk drive).

Data aquisition and interpretation software was written

mainly using Pascal and assembly languages. Details of each
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instrument and software are explained in the following

sections.

2.2 Transmitter system

2.2.1 Power source

The power source supplies the current in the trans-
mitter loop. To create more than two amperes, an 80AH
battery was used, and for a current of less than two

amperes, a constant current power supply was used.

2.2.2 Inverter

The current in the transmitter loop is turned on, off
and reversed in direction by the inverter. To turn off the
currents in the transmitter quickly is very difficult due to
the overvoltage caused by the inductance of the loop. Since
mechanical switches such as magnetic relays are not adequate
due to the slow and unstable response to a control signal,
an inverter circuit using a semiconductor switch was
designed for the experiment, and is shown in Figure 2.2.

Signal lines from the main processing unit are isolated
by an optical coupler and a mechanical relay to protect the
processing unit from the overvoltage of the transmitter

loop. 1If the control signal is high, the transistor TR1
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should be off due to the collector currents of the-photo—
transistor. Therefore the transistor TR2 is on due to the
base currents through the 100 ohm resistor, and then this
emitter currents keep the TR3 on. If the control signal is
removed, the reversed process turns the TR3 off. But due to
the inductance of the load (transmitter loop), the over-
voltage appears between the collector and emitter of the
switching transistor TR3.

The overvoltage V due to the inductance of the

transmitter loop can be calculated as

dI
V=-L — (2.1)

dt
where L is the inductance of the loop. The inductance of
the loop consists of two part, internal inductance Li
due to the wire, and external inductance Le due to the
external part of the wire, and expressed as
L =1Li + Le (2.2)
In the case of a circuler loop, the following equations can

be obtained to calculate Li and Le (Johnk, 1975)

1
L o= £ (2.3)

87
and Le = b( lnjgi -2 )n? a<«b (2.4)
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where g : magnetic permeability
a : radius of the wire
b : radius of the loop

1 : length of the wire

36

By assuming that the external inductance L of rectan-

gular loop is the same as that of the circular loop of the

same area, the inductance of the transmitter loop TLR1 (0.2

X 0.4 m, 40 turn, AWG #22) can be calculated to be about 2
milli-Henry. By assuming that the switching speed (dI/dt)

the transistor is 10 A/microsecond, the overvoltage of the

of

transmitter loop TRL1 can reach approximately 20 kilovolts.

The switching transistor TR3 can be easily destroyed
due to this high voltage unless some protection circuit is
provided. The zener diode Z between the collector and the
base of the transistor TR3 has the role of reducing the
switching speed of TR3. When the voltage between the
collector and the emitter is bigger than the zener voltage
of Z, the base currents through this zener diode keep the
TR3 on. The switching speed (ramp time) can be controlled
by changing the zener voltage of Z. For example, for this
physical modeling, a 300 V zener diode was used and the ra
time of the inverter was about 35 microseconds.

The direction of the currents in the transmitter loop

mp
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can be reversed by a mechanical relay which is controlled by
MPU only while transmitter currents are absent.

Figure 2.3 shows the control signals from the MPU (to
turn on, off and change the direction of current) and the

waveform of the transmitter currents.

2.2.3 Transmitter loop

The transmitter loop creates the primary magnetic
field, and Table 2.1 shows the physical dimensions of the
loops developed for the physical modeling. The name of the
transmitter loop consists of three characters and one
number, the first two characters TL mean transmitter loop
and the third character shows the shape of the loop (R:rec-
tangular, S:square, C:circular coincident, D:dipole). For
the loops TLR1, TLR2 and TLS1l, the gage AWG#22 wire was
used, and AWG#22 wire was used for loops TLC1l and TLD1.

a b T n SHAPE

(m) (m) (m) (turn)
TLR1 0.2 0.4 40 RECTANGULAR
TLR2 | 0.1 0.2 48 RECTANGULAR
TLS1 0.2 0.2 30 SQUARE
TLC1 0.1 7 COINCIDENT
TLD1 0.025 10 DIPOLE

Table 2.1 Transmitter loop

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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2.3 Receiver system

2.3.1 Receiver coil

The receiver coil is used to measure the time-rate of
change of the magnetic field, and following requirements
should be met for physical modeling

(1) Big moment

(2) Small dimension

(3) Well shielded (eliminate the effect of electric

field)

(4) Small distributed capacitance

(5) Mechanically stable

The moment of the receiver coil is defined as follows
Mfr =nx A

where Mr is the receiver moment, n is the number of turns
and A is the area of the coil. But due to the small size of
the coil, the area and therefore the moments can not be
determined accurately. Therefore, the value of the receiver
moment was measured by the experiment, for which a cshematic
is shown in Figure 2.4.

The moment, then, can be calculated by the following

equation :

v (2.5)
&)[lMTHZ

=
E]
I
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where My : moment of the transmitter loop
Mg : moment of the receiver coil
w : radial frequency of the transmitter currents
: magnetic permeability of the free space
measured voltage

H; : magnetic field at the center of the loop

If the transmitter loop is circular, the magnetic field at

the center of the loop is given by:

Hp = —— (2.6)

where r is the radius of the loop, and I is the transmitter
currents. If the loop is rectangular, the magnetic field at
the center of the loop is calculated from Biot-Savart law,

and we have

2 2
pp¥al+ bt (2.7)

mab

H =

where a and b are the sizes of the transmitter loop.
Figure 2.5 shows the moments of the receiver coils

measured as a function of frequency. The moments of the

receiver coils are almost constant up to 10 KHz except the

coil RL1, which has the largest moment. Due to distributed
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o/ ~AANA~—— 0SCILLATOR |
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4
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= —— (A
o0 A
M;= abln
Y
Mg= £
WHUMTHo

ya?+b?

Ho= 2I—————— (Rectangular loop)
Tab

Ho= — (Circular loop)

where r : radius of circular transmitter loop

n : number of turns of transmitter loop

Figure 2.4 Measurement of receiver moment
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capacitance in the RL1 coil, the moment decreases when the
frequency is more than 500 Hz. Table 2.2 shows the

parameters of the receiver coil.

MOMENT r h n
(m ) (cm) (cm)|(turn)
RL1 | 2.2-10" | 2.2 1.0 | 5000
RL2 | 1.7-107'| 2.0 0.3 500
RL3 | 1.7-1077 | 0.5 1.0 | 800
RL4 | 1.3-1072| 0.4 0.8 | 800

Table 2.2 Parameters of the receiver coil

2.3.2 Amglifier

The electromotive foece in the receiver coil is
amplified by the amplifier to the appropriate voltage to the
analog-to-digital converter for the data acquisition. Due to
the small transmitter and receiver moments, the signals are
usually small and contain a relatively wide frequency
spectrum, so very high gain and wideband amplifiers are
required. The required specifications of the amplifier for

the transient electromagnetic modeling are as follows
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(1) Bandwidth : DC to 10 KHz

(2) Maximum gain : 2% (1048576 times)

(3) Input noise : less than 0.1 microvolts (p-p 0.1-10Hz)

(4) Offset drift : less than 0.2 microvolts/°C
Because of the conflicts of these specifications, it is
almost impossible to satisfy all the conditions at the same
time, but due to the remarkable progress in the integrated
circuit technique, excellent low noise and low drift
operational amplifier chips are available. By using such
chips, the design of the amplifiers was very simple.
Table 2.3 shows some examples of specifications of typical
operational amplifier chips.

A three stage amplifier was designed using OP-27
operational amplifier chips. The first stage amplifier is
very important because its noise and drift are amplified
by the later stages. The OP-27 chip is one of the best
low noise amplifiers available, but for the drift problem,
chopper stabilized operational amplifiers like ICL7650 show
better performance. Therefore for the first stage of the
amplifier, the circuit which conbines the low noise
performance of OP-27 and low drift of ICL7650 chopper
amplifier was designed as shown in Figure 2.6. The output
of the chopper amplifier is conected to the offset adjust

terminal of the OP-27 to compensate the offset drift of the
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amplifier. The second and third stages of the amplifier are

simple non-inverting amplifiers using OP-27 as shown in

Figure 2.7.

circuit boards for the stability and low noise.

All the circuits are constructed using printed

INITIAL DRIFT INPUT NOISE | THROUGH
OP-AMP OFFSET 0.1-10 Hz RATE REF
(V) (mv/eC) (mV pp ) ( V/usec)
typ max typ max typ max
0P27-E 10 25 0.2 0.6 | 0.08 0.18 2.8 (1) L
OPO7-E 30 75 0.3 1.3 | 0.35 0.6 0.17 (2) L
101-BM 50 250 3 5 1.0 1.3 6.5 (1) G
741-L 200 500 2 5 N.A. 0.5 (2) G
234-L 20 0.1 1.5 30 (2) C
ICL 7650 | 0.7 51 0.01 0.05 2 2.5 (3) C
AD612-C 200 5 1 1 (2) 1
REF (1) : Burr-Brown L : Tow noise low drift
(2) : Analog Devices G : general purpose
(3) : Intersil C : chopper stabilized
I : instrumantation amplifier

Table 2.3 Specifications of OP-amplifiers
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2.3.3 Filters
Sometimes, noise due to power lines (60 Hz) must be

eliminated, especially for frequency domain experiments or
field operations. A twin-T passoab svrnm uoirbh tmvit wvvf
band rejection performance but the Q-value is theoretically
only 0.25. Figure 2.8 shows the measured amplitude response
of a twin-T passive notch filter. To improve the Q-value,
the active filter circuit shown in Figure 2.9 was used. The
re jection frequency fr and Q-value are obtained by the

following equations

1
fr = (2.8)
27mRC
1
Q = — (2.9)
4(1 - K)

where K is the inverse of the gain of the amplifier.

If the Q-value is greater than 0.7, the step response of the
notch filter causes oscillations. Figures 2.10 to 2.16

show the step response of the notch filter as then Q-value
changes from 0.25 (twin-T) to 10. For the experiment, a

notch filter with Q=0.7 was used.
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Figure 2.10 Input wave form (5Hz square wave)
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Figure

2.11 Notch filter (Q=0.25 twin-T)
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I 50 100 150 200 250
. (msec)
Figure 2.12 Notch filter (Q=0.5)
50 100 150 200 250
2 . (msec)

Figure 2.13 Notch filter (Q=0.75)
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Figure 2.14 Notch filter (Q=1.0)
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Figure 2.15 Notch filter (Q=2.8)
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50 100 150 200 250
(msec)

Figure 2.16 Notch filter (Q=10)

Lowpass filters are used to eliminate signal of
unnecessary high frequency range. Simple first order RC-
passive filters, for which the rolloff is -20 dB/decade, are
used widely. Figure 2.17 shows the amplitude response of the

passive filter, and the cutoff frequency fcis calculated by

1
27RC

(Hz) (2.10)

Sometimes for the experiment or field measurement, when

better lowpass filters are desired, state variable active
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filters were designed, as shown in Figure 2.18. State
variable filters are widely used because cutoff frequency
and Q-values are controlled easily by external resisters and
lowpass, highpass, and bandpass response can be obtained
simultaneously. A notch filter can be obtained by summing
lowpass and highpass outputs of the state variable filters
as shown in Figure 2.19. Higher order response filters can
be obtained by cascading the second order state variable
filters.

For electromagnetic transient measurements, Bessel
response filter is the best due to its linear phase
characteristics and minimum distortion of transient
waveform.

For the design of Bessel response filters, the
normalized frequency fn and Q-values are selected from
the Table 2.4, and necessary parameters are calculated by

the following equations:

fs = fax £ (2.11)
RF = 1.592 x 10%/ £ (2.12)
Aer = Q X Atp = Q X Awp (2.13)
Re = 5.0 x 10* / Aep (2.14)
Ra = 5:0x 107 (2.15)

2Q - Aer - 1
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Figure 2.19 Notch response using state variable filter

number of Butterworth Bessel

poles fn Q fn Q
2 1.0 0.70711 1.2742  0.57735
3 1.0  —cmm——o 1.32475 ——mmmee
1.0 1.0 1.44993 0.69104
4 1.0  0.54118 1.43241_0.52193
1.0 1.3065 1.60594 0.80554
5 1.0  —mommmm 1.50470 ——me—e—o
1.0 0.61805 1.55876 0.56354
1.0 1.61812 1.75812 0.91652

Table 2.4 Parameters for Butterworth and Bessel Filters
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2.3.4 Analog to digital converter

The analog voltage output of the amplifier is trans-
formed to a digital number by the analog to digital
converter. A very high speed 16 channel input analog to
digital converter was prepaired using the Analog Devices
AD578 analog to digital converter chip, as shown in Figure

2.20. The specifications of AD578 are as follows

(1) Conversion time : 3 microseconds (grade L)
(2) Resolution : 12 bit

(3) Internal refrence : 10 volts +0.1 %

(4) Gain error : 0.1 % full scale
(5) Output : offset binary or two's complement
(6) Input impedance : 10 kilo-ohm

This analog to digital converter board was designed to
act as a memory board from the central processing unit.
Writing a channel number to the address of the board selects
the channel of the multiplexer (AD7506) and also sends a
start conversion signal to AD578 chip. Then, reading the
data from the same address transfers the digitized number to
the accumulator of the CPU. Table 2.5 shows the assembly
language program of the A/D converter driver, and the

numbers in the parenthesis indicate the machine cycles to

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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execute the instruction. Since the clock speed of the M6809
is 1.5 MHz, it takes 2/3 microseconds to execute one machine
cycle, and a total of 30 machine cycles are necessary to get
one value, store to memory and incliment the counter.

Therefore, the through put of the A/D conversion is maximum

50 KHz (20 microseconds/ sample).

* A/D converter driver program

ADADR EQU $E050 address of A/D board

TIMER EQU $E042 address of clock

BEGIN LDX #MEMSTART set IX to base address

N LDY  #NSAMPLE set 1Y to number of samples
BSR TIMSET initialize and start clock

ADSTRT LDA CHN ( set channel number

3)
STA ADADR (2) and start conversion
LDD ADADR (5) load data to accumulator D
STD $ X+ (8) save data to memory and inc. IX
WAIT  SYNC (2) wait for time up
LDA  TIMER (2) clear intrupt flag

LEAY -1,Y (5) decliment IY
BNE ADSTRT (3) loop if not finished all sample points

Table 2.5 Program of A/D converter Driver
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2.3.5 Main Processing unit and peripherals

The main processing unit, which controls the whole
experimental system, consists of the central processing unit
(CPU), memory (58K RAM, 2K ROM), programmable clock, serial
and parallel I/0 ports. The peripheral units, such as CRT
terminal (Televideo 950), graphic printer (Epson MX-80 with
graphtrax), digital X-Y plotter (Graphtec MIPLOT-J), dual
floppydisk drive and telephone modem, are also controlled
by the MPU. Figure 2.1 shows the block diagram of the MPU
and peripherals.

For the CPU, a Motorolla M6809 8-bit microprocessor was
selected because of its 16 bit internal registers and strong
instruction set and addressing mode which are similer to
PDP-11 mini—compufer (Artwick, 1980). Internal registers and
addressing mode are shown in Figure 2.21 and Table 2.6

respectively.
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15 0
X - Index Register
Y - Index Register
U - User Stack Pointer
S - Hardware Stack Pointer

PC- Program Counter

DP

63

Pointer Registers

Accumulators

Direct Page Register
Condition Code Register
Carry

Overflow

Zero

Negative

IRQ Mask
Half Carry

FIRQ Mask

Entire Flag

Figure 2.21

Internal registers of M6809
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2.3.6 Data acquisition software

Data acquisition software was developed using the
OmegaSoft Pascal compiler and assembler under the FLEX
(trademark of Technical Systems Consultants, Inc) operating

system, and consists of the following three parts

(1) Analog to digital conversion program
(2) Graphic plot program -using MX-80 printer

(3) Data processing program using digital plotter

Programs (1) and (2) are combined into one program, ADPLT6
in Appendix B. The main part of the analog to digital
conversion program is written using assembler language and
explained in the section 2.3.4. The graphic plot program is
written in Pascal and its main part is the procedure
PIXEL(x,y) which sets a pixel(x,y) in the buffer memory
frame consisting of 300 x 240 pixels (can be changed
easily). A straight line is drawn using the DAA algorithm
(symmetric digital differential analyzer, Harrington 1983),
for which program is shown in Table 2.7.

The data processing program uses a digital X-Y plotter,
and to drow a line or curve is very simple. Drawing a
straight line from (x1,yl) to (x2,y2) is performed by the

following Pascal sentence
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Procedure DAA( x1,yl1,x2,y2 : integer ) ;
(* Connect between two points (x1,yl) and (x2,y2) by a
straight line using digital differential analyzer *)

var
i : integer ; (* counter *)
length : integer ; (* length of X or y direction *)
X,y : real ; (* coordinate to set a pixel *)
xinc,yinc : real ; (¥ value of incremant ¥)

dx,dy : real 5

begin
dx := x2 - x1 ;
dy = y2 - yl1 ;

length := abs(dx) ;
if abs(dy) length then length := abs(dy) ;
xinc := dx / length ;
yinc := dy / length ;
X :=x1 + 0.5 ;
y =yl + 0.5 3
for i := 1 to length do
begin
PIXEL( trunc(x), trunc(y) ); (* set a pixel *)
X = X + Xinc ;
y =y + yinc
end
end; (* of DAA *)

Table 2.7 DAA program to draw a straight line
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Writeln(auxout,'D',x1,yl,x2,y2);

where x1,y1,x2,y2 are integer numbers.

The data processing program WPLOT, in
Appendix C, has also a cubic spline interpolation procedure
to draw a smooth curve connecting the data points. The
spline fitting algorithm is used to minimize the following

integral (Ruckdeschel 1981)

d%g d’t
D = (— = —) dx
dx? dx?
where f(x) : true function
g(x) : fitted curve

and tends to minimize net curvature while passing through
all the data points. Figure 2.25 shows a comparison of

curve fitting programs using cubic spline and Lagrange
interpolation. In case of common Lagrange interpolation, the
fitted curve tends to oscillate, especially near the edges

of the data area.



68

T-2910

‘uotjeTodaajur

93uea8e] pue surldg oIqn)y ¢7z°z 2and1g

Jutod elIRQ @

\
|
\
\
\
)
|
l
1
1
\
\
\

sur1dg °1qN) —o—

23uei3e] — — @— — \
\




T-2910 69

CHAPTER 3

EVALUATION OF THE ACCURACY OF THE SYSTEM

3.1 Introduction

To perform physical modeling, the accuracy of the
system must at first be examined, since the results of
modeling contain various errors caused by instrument, array
and model. Those errors can be summarized as follows:

(1) Errors due to instruments

1. Error and non-linearity of the gain with amplifier.

2. Non-linearity of the A/D converter.

3. Drift of frequency in frequency domain measurement.

4. Drift of sampling time in time domain measurement.

5. Measurement error of voltage, current and phase.
(2) Errors due to array

1. Measurement error of linear dimensions including

transmitter-receiver separation.

2. Error of the glignment of transmitter and receiver.

3. Error of transmitter and receiver moments.

(3) Error due to model
1. Error of the size and orientation of model.
2. Error of conductivities of structures.

Therefore, it is important to check the accuracy of the
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system by comparing the experimental results to éiact
solutions. A conducting sphere model was selected as the
standard model for this purpose, since the response of the
conducting sphere for the geophysical problems has been
studied by many authors. Wait has studied the frequency and
time domain responce for a uniform field (1951), for a
dipole field (1953), and for a two-layer sphere (1969). Negi
also considered the frequency response of a sphere in free
space.

The electromagnetic response of a conducting sphere is
explained in following sections. Frequency and transient
responses were also measured by the developed system and

compared with the theoretical results.

3.2 Conducting sphere in a uniform magnetic field

3.2.1 Frequency domain response

If a conducting sphere is situated beneath the large
transmitter loop (Figure 3.1), the electric field caused by
the loop does not intersect the surface of the sphere, so no
chargeé appear on the surface of the body. The electro-
magnetic field can be expressed by Maxwell's equations as

follows if the displacement currents are neglected

curl H = ¢E (3.1)
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curl E = iownH (3.2)
divH=0 (3.3) %Z
divE=0 (3.4)

where E and H are the <::::::::::>

complex amplitudes of

the electrical and

magnetic fields

respectively. a e

Figure 3.1 Conducting sphere

From equations (3.1) and (3.2), we have

curl curl E = iom6E = k’E (3.5)
1 I3
where k =Yiopne = ;l (3.6)

and & is called skin depth and expressed as

2
o= P TTYE (3.7)
Then, the electric field inside and outside of the
conducting sphere can be written as
curl curl E- K'E=0 R<a (3.8)
curl curl E = 0 R >a (3.9)
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where a is the radius of the sphere. On the surface of the
sphere, the following boundary conditions can be used :

Eg = (3.10)
R=a (3.11)

& &
w
1
Y

Hy =

where E},,Hie and Eg,Hg are the electric and magnetic field
inside and outside the sphere respectively.

By introducing spherical coordinate system (R,6,¢),
equation 3.11 can be rewritten using electrical field as

follows:N
_1_. O(REg) _ 1 O(REg) (3.12)

Curl E has only R and 6 components since electric field has

only a ¢ component

curlgE = 1 -—a—(sin0E¢) (3.13)
R sin@
— 1 o0

curlyE = —— ——(REg) (3.14)
R OR

curlgE = 0 (3.15)

Then, curl curl E has only a ¢ component

2
curl curl E = -—1--—6-}(RE¢) _ret —a—sin9E¢ (3.16)
ROR

R O6sin@ 06
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and substituting to equations (3.8) and (3.9), weihave the
following differential equations for the electric fields

inside and outside of the sphere :

2 . . .
i—a—(RE:,sn-l—Q 1 i(sin0E5)+k2E; =0 R<a (3.17)
R OR? R’66 sin6 08
e a 1 e
10 (re5)+ il 9 (sin6E®) = 0 R>a (3.18)
R OR R 09 sin6 OF

These equations can be solved using the separation of vari-
ables method, by assuming that the electric field E¢ can be
expressed as the multiplication of two independent functions
T(R) and ¢(8)

Eg= T(R)P(H) (3.19)

Substituting this equation into equation (3.17) and
multiplying R?/T® , we have the following equation

EE—Q—(RT) + 16 1 —éL(sin0¢) + kIR? =0 (3.20)

T OR 06 5in6 06

The first and third terms of the equation are a
function of R, and the second term is a function of 6, so
equation (3.20) is equivalent to the following two ordinary

differential equations
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2
R A RT), op_ (3.21)
T dRr?
1 d
— ! d (sinf®) = -m (3.22)
P d6 sin6 dé

From equation (3.21) we have the following Bessel's differ-
ential equation :
2
2 k- BT oo (3.23)
dR R dR R
and the solution is expressed by the modified Bessel func-

tion Zs as follows:

1
T(k,R) = R7Zs (ikR) (3.24)
1
where s = (%? + m)? (3.25)

From equation (3.22), by introducing a new variable u=cos§ ,
we have the following Legendre's differential equation :

2
(1-u2)£1£ - 2udqb __° +m@P =0 (3.26)

du? du 1-ul?

The solution can be expressed through the associate Legendre
function Pn and Qn, and have a solution only if m

satisfies the following equation :

m = n(n+1) (3.27)
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so the general solutions take the following form :

1
Tn (k,R) = K7 [AnIp(ikr) + BnKp (ikr)] (3.28)
®(6) = CaPl(u) + DaQn(u) (3.29)
1
where p =\/7: + n(n+1) (3.30)

Io,Kp : modified Bessel functions of the first
and second kinds

PQan): associate Legendre functions

An,Bn ,Cn y,Dn : constants
The functions dp and Kp cannot be used to describe the
field because d? goes to infinity on the z-axis (6=0), and Ke
goes to infinity at the center of the sphere (R=0). Then,
the general solution for the electric field can be written
using equation (3.19) as

-1
)

. el (1)
Eg = R 2 ZBnlp(ikr) Pn(cos@) (3.31)
n=1

Outside of the sphere, equation (3.21) can be written as

4 (R’T") - n(n+1)T = 0 (3.32)
dR

and the solutions of this equation are elementary functions

of the form :
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-n-1

Tn(R) = CnR" + FaR (3.33)

The field due to the currents inside the sphere should go to
zero when R goes to infinity, so the first term of the
right-hand side of equation (3.33) cannot be used. The
general solution for the electric field (Eyg) outside of the
sphere due to the currents inside the sphere can be written
as:

e *® -n-1 (1)
Ejg = };IF,.R Pn'(cos @) (3.34)

and the primary field Eop is

Eog = lopHer g sin®
2
_ dopboz g @by (3.35)
2

Then, the electric field inside and outside of the sphere

can be expressed as

£y - —le [g py) 4 Z D.RVE (W] (3.36)

2
. . ) 1l o
Ej = —lﬂgﬁkz Z CnIp (1kR) P (u) (3.37)

Since these equations must satisfy the boundary conditions
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(3.10) and (3.12), the coefficients Cn and Dn can be

77

determined. Due to the orthogonality of the associated

Legendre functions, coefficients Cn and Dn are zero except C

and D1, so we have two equations with two unknowns

a+Dla"2=a

1 )
mi(2ad- D) = pa?Cy [— I3(ika) + ikaIj (ika)
2

2 7

Then coefficients C; and D; can be determined as

C, =
(Mi—pee) x I.%(x) + [Me(14x?) —pi] I%(x)

3
3uix a?

(Mi—fe) x I-%(x) + [Me(14x%?) —ti ] I%(x)

where x=ika, and a is the radius of the sphere

(2p+pe) X I-4 (%) = [pel 14x?) + 21] Td(x) ,
a

(3.38)
(3.39)

(3.40)

(3.41)

The complex amplitude of the electric field inside and

outside of the sphere can be written as

iwne.

v

R

: L
Eg = Hoz C1R2I3(ikR)sin® a
2

iwle

I
5o

E¢ Hoz D) Rlsin @ a

Eo¢ +

(3.42)

(3.43)

and the complex amplitude of the magnetic field due to the

currents in the sphere can be written as
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D,
HTR=——3- Hoz cos @ (3.44)
R
Dy
Hip = Hoz sin @ (3.45
10 R z )

The magnetic field due to a dipole at the origin of spheri-

cal coordinate system can be expressed as

M

cosé@ (3.46)
2R ‘

Hr =

Hy = siné (3.47)

4R

Comparing these equations with equations (3.44) and (3.45),
the magnetic field created by the currents inside the sphere
is same as the field due to a dipole located at the center
of the sphere and the magnitude of moment M = 27D Hoz.

When the sphere is made of non-magnetic materials
(Me=HMi), rewriting the associated Bessel functions using

hyperbolic functions, we have

I(x) =\/-—2— sinh x
7 mTxX
‘/ 2
—— cosh x
T

3 x cosh x - (3+x?) sinh x

and I ,;(x)
2

then we have : D = >

x‘sinh x
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3 cothx 3

= -—= -1 (3.48)
X X
and D, =D &l (3.49)
where x = ika = p(1-i)
P ==
d

8 : skin depth
A computer program written in the Pascal language to
calculate the frequency domain response of a conducting
sphere is listed in Appendix D.
The complex function D has inphase and quadrature
components, which have their own frequency responses. If we
consider the low frequency part of equation (3.48), the

function coth x can be expressed through the series

3 5
x X 2% L. (3.50)

coth x = 1 +
X 3 45 945

Then, D can be written as

2
p - i9K&, 2 (omal Yo® + i (ouazfaf— cees (3.51)

15 315 1575

Therefore, at low frequencies, the magnetic field can be
written as follows if we neglect the terms higher than third

order :
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a’Ho 1

Hr = cos@ | i—opalo - (ouaz)%ﬂ (3.52)
R L 15 315 d
3 r . 1

Hy = a H°sin€ i—i—opazw -2 (opal Yw? (3.53)
2R [ 15 5 )

At high frequencies (p>»1), the complex function D can

be expressed as :

D = (-1 + —3—) + —é—i

2p 2p

Then, the magnetic fields can be expressed as

a3 HO [ 3[2_ 1 1

Hp = T cosé | -1 + (1+1) (3.54)
R L 2 opwal ]
a’ Ho [ 3Y2 1 w

Hy = 7 siné -1 + (1+1i) (3.55)
2R - 2 ouwal .

Therefore, if frequency increases, quadrature components

approach zero, and only inphase components remains.

3.2.2 Frequency domain experiment

Frequency domain experiments were performed and results
were compared with those of theoretical calculations in
order to examine the accuracy of the system.

A schematic of the frequency domain physical modeling



81

jJuawtaadxa utewop Aouanbaajy jo weaSeTp Moolg g°¢ AIN3TY

Wi

aJayds bBur3onpuod

JaL 4t |due
403e ] LISO

®

L

T-2910

doo| 4333LWwsSuRJ}



T-2910 82

system is shown in figure 3.2. One receiver coil is placed
at the center of the transmitter loop, and electromotive
force is measured. The other reference coil which has a
smaller moment is connected in series and placed near the
transmitter loop (far from the sphere). The primary field is
cancelled by moving the reference coil near the transmitter
loop to obtain the minimum voltage reading without the
model.

Then the sphere is placed on the axis of the trans-
mitter loop. A variable resister VRl is used to adjust the
magnitude of voltage A, which has the opposite direction to
the real part (Re V) as shown in-figure 3.3.

When the magnitude of A is the same as Re V, the sum of
A and V is the imaginary part of the voltage (Im V), and
this value is obtained as the minimum reading of the volt-

meter VM1.

-Re(V)

Figure 3.3 Measurement of real and imaginary parts
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Fig 3.4 shows an example of the comparison of the
results of the experiment and numerical calculation.
Continuous curves show the calculated results and curves
with square marks show the results of experiment.

Since.the conductivity of the sphere is not known
accurately, we should investigate how to determine that
conductivity. From equation (3.52), at low frequencies,

the z-component of the magnetic field can be written as

follows
3 1
Hz = —f? Hoz [ i—opalo - (ouaz)nﬁ] (3.55)
Z 15 315
My
where Hoz = 3 (3.56)
27 ( rT2 + ZZ)T
and M; = wr%In

I : current of transmitter loop
r; : radius of the transmitter loop

n : number of terns of transmitter loop

From equation (3.55), if we take the ratio of Inphase and

Quadrature components, we have

1 315 In(Hyz) (3.57)
wpal 30 Q(Hz)
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CONDUCTING SPHERE

20

FREQUENCY

Figure 3.4 Frequency response of conducting sphere
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From Figure 3.4, the values In(Hz)=2.01 and Q(Hz)=4.71 were
obtained at a frequency of 40 Hz. The conductivity of the

sphere can be calculated as

1 315  2.01
2740-0.052 47107 30 4.17
= 5.24 x 10°

Then, we can define the conductivity of the sphere from the

frequency domain experiment.

3.2.3 Time domain response of conducting sphere

Time domain response can be obtained by taking a
Fourier transform of the frequency domain response obtained
in the section 3.2. The function coth x used in equation
(3.48) can be expressed as

1

1 [
cothx = — + 2x ¥ ——— (3.58)
X n=l ! + x?

and if we substitute to equation (3.48), we have

D=6% — 1
I 7win? + x*
o0
= 6a } 1_ -1
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where
P, = winfa
and a = 1 (3.59)
ouma’
Then if we use the following relation :
21 K
= - =
n=1 n? 6
we have
© | 1
D==6a X -1y
n=1 Pn -iw P,
® iw
"t p, (p, - iw)
So, the magnetic field Hy can be written as
3Ho o 1 iw
Hi(w) = —— cosf( 6a L — ) (3.61)
R n=] pn P, —

and by taking the Fourier transform for the step response,

we have the following equations

(] .
3 o o0 1 — 1wt
HS(t) = 2 ;{cosa( 6a 3 e dw,
R n=1 2ap, p, - iw
) —earlnl
a’ Hc’cosB 62 Py 1 e 7 nat (3.62)
R T n=1 n?

In the same way, @-component of magnetic field can be
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obtained as

HY(t) = 2 %ing e (3.63)

3 3 w 1 -whlat
R LA

e (3.64)

For the electromotive force to the vertical receiver

coil, we have

6 alMra © _qlnlat
V(t) = - ——i——p‘Hoz 21 e (3.65)
yA nz

where z is the depth of the sphere and is expressed by,
equation (3.59). Hoz is the primary magnetic field at the
center of the sphere and expressed by equation (3.56). A
computer program is shown in appendix E to calculate time
domain response of the conducting sphere.

When #lat >1 (late time), the higher order terms decay
quickly due to the exponential decay and only the first term
remains
al 6 -qut

3Hoz———-- e (3.66)
y4

al
where q,=m?

Hz(t) =

and for the electromotive force

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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6a:M -mlat
Vit) = - — R e (3.67)

23
If we plot the field using a logarithmic ordinate (linear
abscissa), the curve approaches a straight line at late time
since the field can be expressed by only one exponential
term. The slope of the line is

2
7 (3.68)

slope = -q,a =-
ouna
Then, by measuring the slope of the straight line, we can
determine the conductivity of the body.

Calculated results are shown in figure 3.5 to compare
the equations (3.65) and (3.67). If the conductivity of the
sphere is smaller, the electromotive force of the receiver
coil decays faster. At the late time, curves approach
straight lines, the slope of which is expressed by

equation (3.68).

3.2.4 Time domain experiment

A time domain experiment was performed using conducting
sphere, to check the accuracy of the system. A block diagram
of the system is shown in figure 2.1, where the receiver

coil was placed at the center of the transmitter loop.
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Figure 3.6 shows the comparison of the theoretical
calculation and measured values. The sampling intérval of
the data is 100 microseconds and the data were stacked ten
times. Dashed lines show the calculated values and
continuous lines with square symbols show the measured data.
The first data point is sampled 50 microseconds after the
turn off of the current.

Measured data coincide well with the results of
theoretical calculation. The curve approaches a straight
line, and the slope can be obtained using the exponential
regression procedure of WPLOT program (Appendix C)

slope = -0.559 volts / 1 millisecond
Then, from equation (3.68), the conductivity of the sphere
can be calculated as
6 = 5.20-10°mho/m
This result is very close to that of the frequency domain
experiment (about 1%).

For both the frequency domain and time domain
experiment, obtained data are very close to the results of
theoretical calculations, and the accuracy of the system

has been confirmed.
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CHAPTER 4

EXAMPLES OF PHYSICAL MODELING

4.1 Conducting plate

4.1.1 Introduction
In the case of a confined ore body, the transient field

decays exponentially at late time

t
Vit) « e T (4.1)
where V : electromotive force
To= 1 (time constant)

q@
q; : constant depends on the shape of the body

a= 1

oupal

For mining or geothermal exploration, the time constant
is very important in estimating the size and conductivity of
the ore body or geothermal reservoir.

The q values for spheroids and elliptical cylinders
were obtained for various major and minor axis ratio
(Kaufman 1978), and shown in table 4.1.

Since the time constant of a conducting rectangular
plate is not known, physical modeling experiments were

performed, as explained in following sectionms.
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a/b 1 2 4 8 ] 32
spheroid| 9.87 3.45 1.35 0.575 0.261 0.122
cylinder| 5.78 2.16 0.889 0.396 0.185

disk 5.5

Table 4.1 Pole Q1 of spheroid, elliptical cylinder
and disk

4.1.2 Time constant of conducting rectangular plate

To determine the time constants of the rectangular
plate, the conductivities of the materials must at first be
measured. Since the q, value of the circuler disk is known
to be 5.5, by measureing the time constants of the disk, we

can obtain the conductance of the disk :

5.5%
Ha

S = (4.2)
where S : conductance ( oh)

6 : conductivity of the disk material

h : thickness

a : radius of the disk

Therefore, by measuring the time constants of the disks made

from the same materials as the rectangular plates, the
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conductivities can be obtained.

Figure 4.1 shows examples of the measured transient
response of a conducting disk, of which radius is 5 cm and
thickness is 0.953 cm, for various hight. From the slope of
the data, the conductance S of the disk is calculated to be
1.33-10°mho, and the conductivity to be 1.4o107mho/m.

Then, the time constants of rectangular plates of
various shape were measured. Figure 4.2 shows the responseé
of various rectangular plates.

The q, values obtained as a function of the ratio a/b
are shown in figure 4.3, where a and b are the length of the
sides of the rectangular plate, and a>b.

The next step is to fit a curve to data to obtain an
empirical formula. Linear or exponential regression methods
are widely used in case of simple curve fitting, but for the
obtained data, more sophisticated methods are needed. For
this purpose, the Marquardt algorithm is widely used
(Marquardt 1963). More recently, the Simplex method has been
introduced, which can handle virtually any functions without
divergence of the solutions (Nedler 1965, Caceci 1984). The
function fitted by the Simplex method is shown as a
continuous line in figure 4.3, and expressed as

1.56 5.06 1.11

g~ - 4 - + 8.02 (4.3)

I'3 1'2 r
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Figure 4.2 Transient response of rectangular plate



N q/® JO uoI3lduUNny B SB OnfeA D ¢°H 2ian814
q

0's ¥ 0V 0°¢ 0°¢ 0"l
L v ¥ v Ll v L L ¥ ¥ L4 v e ¥ LA v v v v OQN

¢0°8 + Auwv [ Auwv 90°G + Auwv 96 1- = 'b “

- e - e - ©

J

0°8

0°6

0°oL

0°LlL

T-2910



T-2910 98

And the time constant of the rectangular plate can be

expressed as

To = £S b (seconds) (4.4)

Cird+ Czr’2+ C3r'1+ (o

where r = {?
Ci = -1.56
C;, = 5.06
C3 = -1.11
Cy = 8.02

4.1.3 Moment of conducting rectangular plate

At late time, induced currents in the rectangular
plate flows uniformly. If the field due to the currents is
measured far from the plate, it can be assumed to be a field
due to a current loop of moment Mp located at the center of
the plate. The voltage in the receiver coil due to this

moment can be expressed as

9,
MHoMp Mg - —t
vie) = o2 3L T sh (4.5)
Z KSb
where Ho: primary magnetic field at the center of

the plate normal to the surface
Mg: moment of receiver coil

S : conductance of the plate
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Mp=0.072ab?

10

Figure 4.4 Moment of rectangular plate
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b : length of smaller side of the plate
z : hight of the receiver coil
Then, from the experiments, the moment of the plate can be

obtained as

q;
3 i
Mp = L V(EIMSh | isy (4.6)

Figure 4.4(a) shows the moment Mp values as a function
of a/b. For each values of b, straight lines were obtaind.
If M is normalized by b , all the data are expressed by
only one line as shown in figure 4.4(b). Therefore, from
this experiment, the moment of the rectangular plate Mp is
expressed as

Mp = 7.2-10’a b 1=a/b=4 (4.7)

And if we substitute to equation 4.5, we have :

10 R
v(t) =uuo7'2231° aby 91 T uSb 1=a/b=4 (4.8)

Then, the empirical relation of voltage at the late time was

obtained.

4.1.4 Transient profile of conducting plate

For mining exploration, the conducting plate model is

one of the most widely used models. Some examples of
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vertical conducting plate modeling are shown in figure 4.5

and 4.6.

The obtained voltage was normalized to be a non-

dimensional quantity as

Y = y(e) 2
)
where ¢ = SoHy

So: effective area of receiver coil
Hr: primary magnetic field at the center of
transmitter loop
L1 : length of smaller side of the transmitter
loop
In the case of a vertical thin plate, the polarity of the
vertical component changes at the top of the plate, and the

position of the plate can be determined easily.

4.1.5 Conducting thick plate

Sometimes, an ore body can be relatively thick. Figure
4.7 shows the profile of vertical thick plate measured by
physical modeling. Curves are very similar to the curves for
a thin plate, but at early time, reversal of the polarity
can be observed. Figure 4.8 shows the measured voltage as a

function of time, where sign reversal was indicated when
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X/L1 is 0.95.

The zero crossing of the profile (figure 4.8) coincides
with the front surface of the thick plate at early time, and
at late time, it is at the middle of the plate. The reason
for this is that at early time, currents are on the surface
of the orebody due to the skin effect, and at late time
currents have diffused inside the plate and the zero cross-
ing is shifted to the middle of the thick plate. From this
shuft of the zero crossing, we can estimate the thickness of
the plate.

Figure 4.9 shows the field example for mining explora-
tion, and data were obtained by Geonics EM37 system. By
considering the results of previous section, the ore bodies
seemed to be two vertical plates, and by the physical
modeling shown in figure 4.10, it was confirmed. But sign
reversals were observed at the station 0.25N and 5.75S in
figure 4.9. If we plot the data as a function of time for
the stations around 0.25N (figure 4.11), we have the same
behavior of sign reversal as in figure 4.8. Therefore, the
ore bodies of figure 4.9 were estimated as the vertical
thick plate, and the thickness of them were estimated to be

about 100 m each by the shift of zero crossing.
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CONCLUSIONS

An electromagnetic physical modeling system has been
developed, and using the system some of the practical
results were obtained for a rectangular thin plate and a
thick plate.

The basic principle of physical modeling, called
electromagnetic similitude, was derived from the well known
equations for an electromagnetic field in a conducting
medium. The following conditions must hold for nature and
the model :

On MO, T2 = m#m“%ﬁ% (frequency domain)

On nT?  _ Grblein
tn tm

(time domain)

The relations of the voltages in receiver coils for nature
and the model are
Hn Hm

= (frequency domain)
Hon Hom

Hon M, Mg, ¢tn
Hom Hm Mgn tn

Vi = Um (time domain)

Due to the progress in the integrated circuit
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technique, very capable and flexible physical modeling \\
systems were developed. The ramp time of the inQerter, ‘
which was developed by using a high voltage transistor with
a zener diode protection circuit, was about 35 microseconds.
Special high gain stable amplifier was designed by using
OP-27 operational amplifier chips and ICL7650 chopper-
stabilized amplifiers.

A data acquisition system was developed by using a
Motorolla M6809 microprocessor and an Analog devices AD578
A/D converter chip. Maximum through put of 50 KHz (20 micro-
seconds/sample) was established for 12 bit resolution.

By using the developed modeling system, the time
constant of rectangular thin plate was measured and an
empirical equation (equation 4.4) was obtained. If a field
is measured far from the plate, the plate can be assumed as

a dipole, and the empirical equation for the moment was

obtained as

A

Mp = 7.2-10 a- b 1=2 <4

a
b
The empirical equation to calculate the electromotive force
was then obtained as equation 4.8.

The transient response of a conducting thick plate was
also measured, where the reversal of the polarity of the

measured voltage was observed.
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APPENDIX A

Electromagnetic similitude

Electromagnetic similitude explained in Chapter 1.2 can

be derived by following Maxwell's equations

OHn

curl En= - (A.1)
" Kn Otn
curl Hn= an§n+ €n OEn (A.2)
Otn
div En= é (A.3)
div Ha= 0O (A.4)
where E : electric field (V/m)

H : magnetic field (A/m)
M : magnetic permeability (H/m)
o0 : conductivity (mho/m)
€ : dielectric constant (F/m)
and subscript n for nature.
Then the geometrical scale factor p can be introduced
as follows:
Tn = PTrm (A.5)

where subscript m is for model



T-2910 120
rm : Characteristic length for model
r, : characteristic length for nature
In order to keep Maxwell's equations invariant under
the scaling of the length above, it is necessary to scale E,

H and t in general. Then, we have

En = aEm (A.6)
Hn = bHm (A.7)
tn = ctm (A.8)

where a,b and ¢ are scale factors for electrical field,
magnetic field and time respectively. Then equations (A.1)

and (A.2) can be éxpressed for the model as follows

= &Hm
1 Em = - (A.9)
cur m ﬂm-—a-a
= E
curl Hm = Om Em + €y, OEm (A.10)
Otm

Then if we substitute equations (A.6) through (A.8) to

equations (A.9) and (A.10)

curl Em = £ curl En (A.11)
a
curl Hm = {} curl Ha (A.12)

And from equations (A.6) and (A.8), we have
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OEm aEm Otn c aﬁn

Otm Otn Otm a Otn

and equations (A.7) and (A.8) yield

OHm OHm Otan _ c OHn

Otm Otn Otm b Otn

Substituting equations (A.11) through (A.14) to (A.9)

(A.10) yields

H
2 curl Ep = - ";i _6 2
a b Otn
2 curl Hn =0, —E-n + -S—em OEn
b a a Otn

These equations must be equivalent to equations (A.1)

(A.2), then following conditions can be obtained :

pa
0’m= b an

a
€m= Ec en

b
”m= zc ”n

121

(A.13)

(A.14)

and

(A.15)

(A.16)

and

(A.17)

(A.18)

(A.19)

The fields can be simulated precisely through scale model by

selecting a,b,c and p to satisfy all three relations above

at the same time. Theoretically, a model can be constructed



T-2910 122

through arbitrary choice of scale factors a, b, ¢ and p, but
in practice it may not be possible to obtain materials of
required electrical properties.
In most geophysical problems, dielectric constant can
be neglected, therefore, equation (A.18) can be neglected.
And from equation (A.8), we have
Wm= CWn (A.20)
By eliminating the ratio a/b from equations (A.17) and
(A.19), we have
Om UmWm= DO UnWn (A.21)
And using the characteristic length r, we have the

following relations for frequency and time domain :

OmUmWmt2= Oy MnWn 12 (A.22)
2 2
OmHUmEm _ OnHnTn (A.23)
tm tn

These relations are widely used for physical modeling, but
since we neglected scale factors of electrical and magnetic
fields a and b, electrical and magnetic field intensity can
not be simulated. Sinclair(1948) called this model as
geometric model, and the model which satisfy equations

(A.17) through (A.19) is called absolute model.
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APPENDIX B

DATA ACQUISITION PROGRAM (ADPLT6)

(REEREREERE AR AR E R H R R R R R R R R R L R R
#6raphic plotting program for MX-88 with graphics opt. ¢
# using Osegasoft Pascal cospiler #
E22 2222 2R IR SRS 222222 2222 22222222222 RTSL Y

{#12bit A/D conversion prograa NO TRIGGER CA2 IS USED TO CONTROL TRANSMITTER }

{ DIRECTION OF CURRENT REVERSED, 2’5 COMPLIMENT DATA, USE WITH ADSUB4.RO AND SUB1.RO }

{$B+}

Progras ADPLT&(input,output,Auxout};

{¢8-}

{ const and variables for plotting subprograss }

const Home = $8888; { 16k for plot)
Isax = 360 ; {(nusber of dots for x axis}
Yaax = 248 ; {nuaber of dots for y axis}
TYPE ARY=ARRAYL1..1808) OF REAL ;
var  I,K,Heax,x,y,flag : integer;
addr,data,hdata @ hex ;
AX,BX,AY,BY,XR1,XR2,YR1,YR2, XAnin, XAnax, YARin, YAsax @ real:
{ variables for main progras }

a,b : real}

FL1 :INTEGER;

FL2,flag! :CHAR;

XX, ¥Y, XX1,XX2,YY1,YY2,5us © REAL;

V : ARRAY[1.,.18861 OF INTEGER at $AGd8 ;
AV,VSER : ARY ;

Hstack,channel,CLKCHN : hex ;

Nstack : integer ;

Nsample,dt,II,KK i integer;

C,unit : char}

Helok,Hsasple,clkrate @ hex
interval,Nclok,I1,KI,LL,I9 & integer ;
rint,gain : real

nase ! text;

fname,title,comment @ string }
autelboolean;
current,ctimesg,min,max,Naxtise ¢ real ;

{ asseabler routines and should be linked with }

Procedure ORPOKE(addr,data : hex)jexternal ;

Procedure POKE{addr,data :hex)jexternal ;

Function PEEK({addr:hex):hex;external ;

FUNCTION CREAD:CHAR;external;

Procedure ADCONG (Hsample,Hclok,CLKCHN : hex)jexternal ;

Praocedure PSET; external ;
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Procedure PAUSE; external ; { pause on at subl.ro }
Procedure NOPAUS; externalj
{eessediirssiasads PLTOUT ###44# print out results, called at the end sssseressss)
Procedure PLTOUT;
var ni,n2 . integer j
BEGIN
if Imax »=236 then begin
nl i= Xmax-2563 n2 = |
" end
" else begin
nl := Xmax; n2 := @
end;
writeln{Auxout)swriteln{Auxout); write(Auxout,chr(27),’A’,chri8));
addr := Home ;
for I :=1 to (Ymax div 8) do
begin
write(Auxout,chr{27},chr{75),chrinl),chrin2));
for K := 1 to Xmax do
begin
data i= PEEK(addr); write(Auxout,chr(data)}; addr := addr + $1
end; {of K loop}
writeln(Auxout)
end; {of I loop} -
write{Auxout,chr ($1B),chri$32)); (set to &line/inch}
writeln(Auxout)jwriteln(Auxout)
END; {of Procedure PLTOUT:
{Heppsddisssisapaanibinsisnts PLTIND initialize memory, called beginning ###is)
Procedure PLTINI;
Begin
data = $# ; Hmax := Yaax div 8 ; addr := Home ; K := Hmax#Xmax;
for I := 8 toK do

Begin
POKE (addr,datal}; addr := addr + $!
end ;
writeln(’ plotting initialized !’ Home,addr );
END;

{eatessiesseassanss CASEAY ##4 convert to log scale if necessary #¥drsdiisss}
Procedure CASEAX{var xl,x2,yl,y2 | real);
begin
it (FLAG=3)0R(FLAG=4) then begin
¥l i=logix1); x2 :=log{x2)
end; ‘
it (FLAG=2)0R(FLAB=4)then begin
yl = loglyl)} y2 i= logfy2)
" end
end;
R T T Tyt Y T I e eTTITes)y)
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Procedure PIXEL(x,y : integer) ;
{ set a pixel, and usually called by other subprograas }
var h,nh,bit : integer ;
REGIN
:= Yaax-y-1 § nh i= h div 8 ; bit := h-nh#8;
hdata := HEXINT(nh#Xmax+x) ; addr :=Home +thdata ;

case bit of
# : data := $86;
1 : data := $46;
2 1 data := $263
3+ data = $18;
4 : data := $8 ;
5 . data := $4
b . data i= $2;
7 : data := §}
otherwise data := $§

end;

ORPOKE {addr ,data)

END;

(HEE R R R R R R R R R H R R R LR R R R R R R R R HEE)
Procedure CONECT(xi,y1,x2,y2 ! integer );
{ draw a line, usually called by other subprograss }
var length:integer ;
dx,dy,rx,ry : real }
BEGIN
length := abs{x2-xi};j
if absiyZ-yl) > length then lengthi=abs{y2-yl);
dx := {x2-x1)/length; dy i= (y2-yl)/lengthj rx i=x1 j ry i= y1}
for I = 8 to length do
begin
PIXEL(round{rx),round{ry)}; rx i= ratdx} ry i= ry+dy
end
END; {of CONECT} ;
(R R R R R E R R F R R R R R R R R R R R R R R R SR )
Procedure WINDOW(FL:integer;X1,X2,Y1,Y2: real);
{ define a window and called next to the initialize }
BEGIN
FLAG := FL 5 CASEAX{X1,X2,Y1,Y2}; XAmini=X1;¥Amax:=X2; YAsin:=Y{;YAmax:=Y2;
AY o= (man=1)/7(X2-X1}5 BXi=X1#{Xmax-1)/(X2-X1); AY:=(Ymax-1)/(¥2-Y1); BY:=Yi#(Ymax-1)/(Y2-Y1)
END;
(R HE R R R R R R P R R R R R R R R R R R R R B R R R R R LR R R E)
Function PX{Xireal): integer;
{ transfora a real nusber to pixel nusber of x axis }
BEGIN
PX :=ROUND (AX#X-BY)
END;
Function PY(Yireal): integer;
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{ transfors a real nusber to pixel nusber of y axis }
BEGIN
PY := ROUND(AY#Y-BY)
END;
(F AR R R E R R R R R R R R R R R R R R R R R R AR R R R R R R R R R R LR R R R F R R R RERE R EHER)
Procedure NPLOT(RX,RY:real);
{ set a dot at point (x,y ireal) }
var NX,NY: integer;
BEGIN
NY 2= ROUND(AX#RX-BX}; NY := ROUND(AY#RY-BY);
if (NX(=Xaax)and(NX>=8)and (NY{=Ymax)and (NY>=8)then PIXEL(NX,NY) )
else writeln{® window exceeded at’,RX,RY)
END;
(RS R R R R R R R B R F R R R HE )
Procedure PLOT(rxyry : real);
{transfors to logix,y) if necessary and call NPLOT}
BEGIN
if (FLAB=3)OR(FLAG=4) THEN rx:=logirx);
if(FLAG=2)}0R(FLAG=4) THEN ry:=loglry};
NPLOT(rx,ry)
END;
Pracedure LINE(X{,Y1,X2,Y2 ! real)}
{ draw 3 strait line between two points }
var IX1,IX2,IV1,1Y2 : integer ;
BEGIN
CASEAX(X1,X2,Y1,Y2); IX1:=PX{X1);IV1:=PY(Y1); IX2:=PX(X2);1Y2:=PY{Y2)}; CONECT{IX1,1Y!,IX2,1Y¥2)
END;
(R R R R E R L R R R R H R R R R )
Procedure FRAME;
{ draw a frase around plotting area }
var J:integer;
BEGIN
J := Ymax-1j K 1= Ymax-1;
tor 1:=8 to J do
begin
PIXEL(I,8)5 PIXEL(I,K)
end;
for Ii=8 to K do
begin
PIXEL(8,D); PIXELUJ, D)
end;
END; { of FRAME }
(HERF R E R R R R R R R R R R R R R R R R R R R R EE)
Pracedure NX(x1,yl,dxireall;
var IY: integer;
axi! realj
BEGIN
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IV 1= PY(yl); CONECT(d,1Y,Xmax-1,1Y); axii= xi4dx ;
while ax! <= XAmax do
begin
NPLOT (ax1,y1+1/RY); NPLOT{axl,y1+2/AY); axli= axl+ dx
end;
axli= xi-dx §
while ax1>= XAain do
begin
NPLOT {ax1,y1+1/AY)s NPLOT{axl,y1+#2/AY); axi = axi-dx
end
END;
(R R RERRE R R AR R R E R R R R R H R R B R E R R R R R R R R R R E )
Procedure NY{x1,yi,dyireal);
var IX: integer;
ayl: reals
BEGIN
IX i= PX{x1); CONECT(IX,8,IX,Ymax-1}; ayl := yltdy;
while ayi(=YAmax do
begin
NPLOT{x1+1/RX,ayl)}5 NPLOT(x1+2/AX,ayD)} ayl
end;
ayl := yl-dy}
while ayl>=YAain do
begin
NPLOT (x1+1/AX,ayl); NPLOT(x1+42/AX,ayl); ayl := ayl-dy
end
END;
(FEERE R R E R R L AR R R R R R R F TR R R R L R R R EE)
Procedure LX{y#ireal)}
var t,xt,xl,yl © real;
cycle : integer ;
BEGIN
cycle := round(XAsax-XAmin); t := 16.8%%(YAain);
for I :=1 to cycle do
begin
for K ;=1 to 9 do
begin
xt 1= K#ty x1 1= LOG(xt); yl 1= y@+1/AYS
NPLOT(x1,y1)5 NPLOT(xf,yl+1/AY)
end;
t 1= 16,03t
end; {of I}
I = PY{y®);
for X := 4 to Xmax-1 do
PIXEL(K, )5

ayl+dy

END;
Pracedure LY{x@:real);
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var t,xt,xi,y1 : real;
cycle : integer ;
BEGIN
cycle := round(YAmax - YAein);
t = 14.9¢8(YAain)}
for I := 1 to cycle do
begin
for K:=1ta 9 do
begin
xt = Katy x1 5= x@+1/AX; y1 = LOG({xt);
NPLOT (x1,y1); NPLOT(x1+1/AX,y1)}
end;
t i= 16,88t
end;
[ 1= PXix#)}
for K:= @ to Yaax-1 do
PIXEL(I,K)
END;
(R RS R R FER R R RN F R R R R RS H R E R R R H R R R R R E )
Procedure AXIS{xi,yl,dx,dy : reall;
REGIN
if (FLAB=2)or (FLAG=4) THEN yli=log{yl}; if (FLAG=3)OR(FLAG=4) THEN xl:=logix1);
if (FLAB=1)OR(FLAG=2)THEN NX{xt,y1,dx)5 if (FLAG=1)0R(FLAG=3)THEN NY(x1,yl,dy);
if {FLAG=3)OR(FLAG=4)THEN LX{yl); if (FLAG=2)OR{FLAG=4) THEN LY(x1)
END;
(R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R A RN R R4}
Procedure PAXDAT(X1,X2,Y1,Y2 : real § titleistring)j
REGIN
writeln{Auxout); writeln{Auxout,” ’,title)}
sriteln(Auxout,” X-axis ’,X1," to ’,X2)iwritelnf{auxout,’” Y-axis *,¥1,” to ’,¥2)jwriteln{fuzout);
END; '
Procedure ADDAT(gain,rintirealjunitichariNstack:integer);
begin
writelAuxout,’ sampling interval is ’,rintibil);
if unit="M" then writeln(Auxout,” sillisecond °)
else writeln(Auxout,” second °);
writeln{Auxout,” stacking *,Nstack:4,’ times’);
writeln(Auxout,” gain of amp ’,gain:8:1); writeln{Auxout)
end;
(FREE R R R AR R R R R R R R R R R R R R H R R R R R R R R R REE)
Praocedure CRTPLT 3
var Vain,Vmax @ real ;
cline @ array[#8,.78] of char ;
18,J,N © integer ;
Function C{ vireal ): integer ;
begin
:=round {78% (v-Vain}/ {Vaax-Vain))
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end §
begin
sriteln{’ input min and max to plot ’); readln(Vein,Veax);
for 18:=I1 to K1 do
begin
for J:=8 to 76 do clineld)i=® 73
clinelC(Vain}1:="1"} clinelC(Vaax)1i="}"}
if (Vein#Vmax){=8.8 then clinelC(8.8)]:=":
N:=C{AV[1B)) ;
if ((N>=8)and{N(=71)) then clinelN]i="#" ;
writef rint#{[8-1):9:4);
for J:=8 to 78 do write(clinelJ]) ;
if break then exitj
writeln
end
end}
[ E R R R R E R R R A R R R R R R R R R R R R R R R LR RS
Procedure ADSTRT ;
begin
ADCONS (Hsaaple,Hclok,CLKCHN) § writelchr(7)); mini=V[11/2.8; max:=ain i}
for KKi={ to Nsaaple do
begin
a:=VIKK1/2.8
if sin*a then aini=a
else if max{a then maxi=a i}
AVIKK1:=AVIKK]+a ; VSQRIKK1:=VSAR[KK1+a#a
end;
nax:=aax#4.8849 ;0 2°5 COMPLINENT 3
pini=min+d. 4049 ;
writeln(II:3,” Min = ’,min,” Max = ’,max)
end;
(FHEERERERFERRERRERR R R RN R R R RN B R R R R R R HEE)
BEGIN { of main progras }
flagl i= R’ § NOPAUS; { no pause at endpage }
while flagi='R’ do
begin {while flagl}
writelnjwriteln(’ {2-bit A/D conversion and plot prograa’);
writeln{’ CA2 high ! sec before saspling ’);
writeln(’ Direction of current is reversed for each transient’);
writeln(’ maxisus nusber of sample is 2684’);
writeln(’ wminisum sampling rate is #.1 millisecond’);
writeln;
writeln(® input the title’);
readlnititie);
repeat
write{’ input Max-time to measure ! '); readln(Maxtime);
write(’ input time unit ( M = sillisecond, § = second ) ! ’)§ readlnfunit)}

Te

129
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until {unit="N’) or (unit='S’) j
write(’ input sampling interval ? ’}; readln(rint);
Nsasple = round(Maxtime/rint); Hsample := HEXINT{Nsample);
write(’ how many stacking ? ’)§ readln(Nstack); Hstack := HEXINT (Nstack )3
if unit="§" then clkratei=$85;
if unit="W’ then clkrate:=$42;
write(’ input the channel number in hex (8-F) ’);
readln(channel);}
channel := $8 § { fix to channel # for voltage input }
Nciok := round{rint#18.8); Hclok := HEXINT(Nclok) ;
CLKCHN := clkrate # $188 + channel ;
I1:=1 5 Kl:=Nsample+i }
WRITE(® hit a key to start conversion’}; C := CREADswriteln; Il:=1 ;
repeat
FOR 19:=1 to 184 do
begin
ADSTRT ;
if break then exit
end;
write{’ OK (Y/N/D) 7 D=display to CRT ’}; Ci=CREAD jwriteln;
if C="D" then
begin
for LLi=1 to Nsample do AVILLI:=VILL]+8.8d245 ;
CRTPLT
end;
I1:=11+1
until {C="Y") or (C="y’);
for IIi=1 to Nsaaple do AVIII1:=0.8 ;
for IIi=1 to Nsample do VSQR[II1:=6.8 ;
for II := 1 to Nstack do
begin
ADSTRT
if break then exit
end ; { of stacking}
writeln;
writeln(’ A/D conversion finished !’);
write(’ Input current ({Ampare) ’); readlni{current)}
write{’ Input the Asplifire gain ’); readln(gain);
ctimesg:=current#gain ;
ain:=198.8 ; aax:=-168.4;
for 11 := 1 to Nsasple do
begin
a = AVIII1/Nstacks
VS@RLIII:={VSARCII] / Nstack)-S@R(a) ;
a i=(ath.0049)/ (ctinesg);
AVLIIT i=a 3
it min}a then mini=a

-
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else if max{a then max:=a
end 3
writeln;
writelnt® Min = ,min,” MNax = *,max);}
IX1:=8.8;XX2:=Maxtiae; [1:=15K1:=Nsanmple+l;
FL2 := 7D
while (FL2{>'R’) and (FL2{}’E’) do
begin { display and plot }
writeln; writeln({’ Timse range set (T)’);
writeln(’ Display data (D)’); writeln(’ Printout data (P)’);
writeln{’ Graphic plot (6)’); writeln({’ Save to disk (S)’);
writein(’ Restart A/D (R)’); writeln(’ Inforsation (I)7);
writeln{® PLOT to CRT (L)?); writeln{’ Exit (E)’};
write{” input cossand ! ’,chri7)}; FLZ := CREAD jwriteln;
{ Time range set}
if FL2='T" then
begin
writeln{’ input time range in two real nusbers ? ’); readln{XX1,XX2};
It = Round(XX1/rint)+1 § K1 i= Round(XX2/rint)+f ;
if Ki>Nsasple then K1:=Nsasple
end;
{ Display }
if FL2="D" then far II:=I1 to X1 do
begin
if break then exit ;
writeln{II, (II-1)#rint,AVEII],VSERLIT])
end ;
(FHEE R R R R E R R R R R R R R R H RN R R R R E 44}
if FL2="1" then '
begin
writeln} writeln(’ TITLE ¢ ’,titlel;
writeln{® Current ! 7,current:b:2,” Ampare’);
writeln(® Gain ¢ ’,gaini12:2,” times’);
writeln(’ minimum voltage : ’,min,” Max voltage : *,max);
write{” tise range ',XX1:12:2,'to’,XX2:12:2);
if unit="M' then writeln{’ millisecond’)
else writeln{’ second’};
writeln
end; {I}
(€222 222222 222 222 e it se Rz sty yTTITIRISZET N
if FLZ='F’ then
for 1I:=1 to Nsasple do AVIII1:=-AVIII];
if FL2="A’ then
for 11:=1 to Nsasmple do AVLIII:=abs{AVIII1};
(€2 2222222 22T s ez T szt S22z 2222222222333
if FL2="L’ then CRTPLTY ;
{ Printout data }
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if FLZ="P’ then
begin {if}
PSET :
writeln(Auxout}iwriteln{Auxout,” ’,titlel;
writeln{fAuxout,chr(27),’P’);
for II:= I1 to K! de
writeln{Auxout,II,rint®{I1-1),AVIII],VSQR{II]};
writeln{Auxout,chr{12),’ ’,chr(27),’@")
end ; {if}
{ GRAPHIC PRINT }
if FL2=’6" then
begin (Braphic}
WRITELN;
WRITELN(’ PLOTTING PROGRAM USING MX-88 ’);
WRITELN{’ INPUT !=Lin-Lin, 2=Lin-Log, 3=Log-Lin, 4=Log-Log, 5=End’);
readin(FL1)}
if FLIC>3 THEN
REGIN
PSET §
write(’ Auto scale (Y/N) ? °); readin{autol;
if auto then
begin
YYli=min ; YY2:=max
end
else begin
writeln(’ input Ysin and Yaax ? *);
readln(YY1,YY2)
end;
PLTINI;
WINDOW(FLI, XX1,XX2,YYL,YY2);
repeat
WRITELN(® INPUT AXIS DATA Xd,Y4,DX,DY ');
READLN(XR1,YR1,XR2,YR2)
until (XR1>=XX1)and(XR1<=XX2) and (YR1>=YY1)and (YR1{=YY2);
AXIS(XR1,YRL,XR2,YR2);
FRAME;
for IIi= 11 to K1 do
begin
3 = rints(]1I-1)}
b = AVLIID ;
PLOT(a,b)
end;
repeat
WRITE(® plot ta the Printer (Y/N) 2°);
FL2 := CREAD;writeln
until (FL2="Y") or (FL2='N')
IF FL2="Y’ THEN
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begin
PLTOUTS
PAXDAT (XX1,XX2,YY1,YY2,title);
ADDAT{gain,rint,unit,Nstack);
writeln(auxout);
writeln{’ input comsent lines ’);
repeat
readln(cossent);
writeln{auxout,cosment)
until comsent="’;
writeln(auxout,chr{12))
end
end {of FLI3}
end; {of braphic}
{ save data to disk ?}
if FL2='§" then
begin
writeln(’ what is the name of the file ?');
readln{fname)}
CREATE (naae, fnase,cutput);
writeln{name,titlel;
writeln{’ input comment lines {only CR to end)’);
repeat
readln{cossent);
writeln{nane,coasent)
until comment=’"3
writeln(nase,’ $DATA’);
for I1:=I1 to KI do
begin
a :=rint#(II-1)
b = AVIIID
writeln{nase,a,b)
end;
CLOSE (name)
ends { of if}
{ exit}
if FL2="E’ then flagii=FL2}
end {of FL2 loop}
end; {of while flagi}
PAUSE
END.
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Assembly language procedure, linked to ADPLT6

Relacatable Assesbler version 1,28

LN o N =

15
1
17
18
19
28
2
23
2
25
2
27
28
29
36
3
32
3
34
35
3
37
38
39
49
4
42
43
44
45
n
47
48
49

4408
d048
ade9
(L)
a449
4098
#0099
4409
#0690
#9908
4409
4048
#0090
8408
goed
#4949
CIT L
g8
ddad
#4482
#9894
8487
gaen
48ad
ad11
8814
#é16
9819
#41C
do1kE
8421
#4823
8026
2629
#4828
#62E
4431
6833
8836
8839

Ad 08
Fa 98
F8 14
£d 5o
Ef 48
Ef 42
BF F@
BF F2
BF F4
BF F§

34 38

37 36

B7 BF F4
F7 BF F3
BF BF F@
18 BF BF F2
8E AQ B4
1A 18

17 88 AD
B6 EF 49
86 34

B7 E6 41
86 10

B7 E8 59
17 88 BF
86 3C

B7 E8 41
17 84 B7
86 34

B7 £ 41
Bb E9 49
17 88 9

NAM  ADSUBS
XDEF  TIMINI, TIMSET,ADCONG
]
# A/D CONVERSION AND PLOT TO EPSON MX-84
#  5/38/83 FOR PASCAL PROGRAM ADPLT&.TXT AND SUBI.RO
#  7/1/83 TIME T0 4.5 SEC
#
S5TADR EGU  $Aded
INCHEK EQU  $F8d8
PSTRNG EQU  $F818
ADADR EQU  $E@SG  A/D BOARD PORTHS
PORT4 EQU $EG46  A-PORT OF PIA FOR TRIGGER INPUT
TIMER EGU  $EG42  TIMER BOARD PORT #4 FOR PSP

NCLOKX EQU  $BFFS SAVE IX FOR NUMBER OF CLOCK CYCLE
NSAMPL EQU  $BFF2 SAVE 1Y FOR NUMBER OF SAMPL
CLK  EGU  $BFF4 SAVE CLOCK RATE (1SEC=$86)
CHN  EQU  $BFFS SAVE CHANNEL NUMBER
ADCONG PSHS Y, X SAVE IV AND IX

PULU  ¥,X,D IY=NSAMPLE, IX=NCLOCK, D=CL

STA  CLK

STB  CHN

STX  NCLOKX SAVE I

STY  NSAMPL

LDX  #STADR

ORCC 4518 ND INTRUPT

LBSR TININI INITIALIZE TIMER

LDA PORTA

LDA  #$34 1 OFF

STA  PORTA+1

LDA #8186 CURRENT {-)

STA  ADADR

LBSR 1455 WAIT 0.5 SEC

LDA  #83C

STA  PORTA+1  CA2 TO HIGH TO I ON (-)

LBSR T85S WAIT 8.5 SECOND

LDA  #834

STA  PORT4+1 CA2 TO LOW I OFF
LDA  PORTS CLEAR FLAG
LBSR TIMSET TIMER SET FOR A/D

ARTHUR LAXES LIBRARY
COLORADC SCHOOL of MIMES
GOLDEN, COLORADO 80401
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31
92
33
34
33
36
3
38
39
o
61
62
63
b4
63
b6
67
89
74
71
73
78
73
b
77
78
19
a4
81
82
83
B4
83
86
87
88
89
99
i1
92
93
94
93
96
97
98
99

843C
#a3F
#4842
fe45
#4848
ga4aB
894D
#84F
#4851
#6853
#4355
8457
8439
#85C
#43D
8968
#8462
864
8866
9848
#d6A
#6860
gd6F
4872
4875
8877
847
2470
#881
2684
8486
4489
848C
#08E
8891
9894
#4897
4894
8490
849F
g8a1
#4983
B4A5
8987
80A9
8daB
#8AD

Bb BF F3
B7 £ 56
B& BF F5
B7 £4 58
FC €0 54
85 48

26 84

84 F8
28.42

84 47

£D 8t

36 18

BE BF F4
13

Bs EB 42
38 IF

26 F8

37 14

31 3F

26 D8

Bs E4 48
86 94

B7 €9 58
1788 73
86 3C

B7 E4 41
BE A6 90
1# BE BF F2
17 89 64
86 34

B7 8 41
B6 E9 49
8D 48

Bé BF F3
B7 €8 54
B& BF F3
B7 E6 54
FC €8 59
85 4d

26 94

8a F8

28 92

84 47

A3 84

ED 81

36 18

BE BF F8

LDA
STA
ADSTRT LDA
STA
LDD
BITA
BNE
NEG!  ORA
BRA
POSI1 ANDA
SAVE1l STD
PSHU
LDx
WAIT  SYNC
LDA
LERX
BNE
PULY
LEAY
BNE
LDA
LDA
STA
LBSR
LDA
STA
LDX
Loy
LBSR
LDA
STA
LDA
BSR
LDA
STA
ADST2 LDA
5TA
LDD
BITA
BNE
NEG2  ORA
BRA
POSI2 ANDA
SAVE2 SUBD
5TD
PSHU
LDX

CHN
ADADR
CHN
ADADR
ADADR
#5408
POSI1
15F6
SAVEL
1387
JIbe
X
NCLOKX

TINER
-1,
WAIT

X

-1,¥
ADSTRT
PORTA
1486
ADADR
1955
30
PORTA4+1
#5TADR
NSANPL
1655
1834
PORT4+1
PORT4
TINSET
CHN
ADADR
CHN
ADADR
ADADR
108
POSI2
1958
SAVE?
147
X
et

X
NCLOKX

SET CHANNEL

START CONVERSION
LOAD DATA TO ACC D
BIT3 OF ACCA SET?
IF IERO NEGATIVE

CHANGE TO 2’5 COMLINENT
SAVE DATA TO MEMORY

CLEAR INTRUPT FLAG
CLOCK LOOP FINISHED ?

RESTORE IX (MEMORY INDEX)
DEC ¥

CURRENT (+) DIRECTION
WAIT 8.5 SEC

I ON (+)

RESTORE # OF SAMPLE
WAIT 8.5 SEC
I OFF (4)

A/D START
DATA TO ACC D

CHANGE TO 2°S COMPLIMENT
MASK TO UPPER BIT 1

SUBTRUCT AND STORE

135
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196
181
182
183
164
185
186
148
114
1
112
113
114
115
114
17
118
119
128
121
122
123
124
125
126
127
128
129
138
131
132
133
134
135
134
137
138
139
144
141
142
143
144
143

Total errors ; 8

#989
#4881
684
99B6
488
#9BA
g8l
#4BE
gaie
#8C3
#6C5
#6806
#8C6
#4C8
#8CB
#ecD
a80o
)1Y3
#4805
4408
#4909
9809
4808
§8DE
13
80E4
#4E7
80E8
#EA
#4ED
POEF
88F2
#FS
80F b
84F9
8erFA
BeFD
#oFE
4181
8182
#1835
8186
8189
8164

13

Bs E§ 42
9 IF

26 F8
37 18

31 3F

26 D6

2D 8s

Bs E# 42
35 39
39

85 FF

B7 &4 42
86 3D

B7 6 43
86 34

B7 4 41
B6 E6 49
39

86 8e

B7 E9 42
B& BF F4
B7 £ 42
Bs E§ 42
39

Cs 8o

F7 €8 42
86 85

B7 E§ 42
7D €8 42
13

7D E6 42
13

7D E# 42
13

7D E9 42
13

7D £ 42
13

7D E8 42
39

WAIZ  SYNC
LDA
LEAX
BNE
PULY
LEAY
BNE
BSR
LDA
PULS
RTS

#

TIMINI LDA
5TA
LDA
5TA
LDA
5TA
LDA
RTS

#

TIMSET LDA
STA
LDA
STA
LDA
RTS

165 LDB
578
LDA
STA
15T
SYNC
1§T
SYNC
15T
SYNC
157
SYNC
18T
SYNC
1E2)
RTS
END

Psct size : 8104

TINER
-1,X
WAI2
X
-1,¥
ADST2
TININI

TIMER
Y,

$$FF
TIMER
#$3D
TIMER+!
$834
PORT4+1
PORT4

$480
TINER
CLK
TINER
TINER

1406

TIMER
1385

TIMER
TIMER
TIMER
TIMER
TIMER
TIMER

TIMER

136

DEC Y

STOP THE CLOCK
I-FLAG CLEAR

RETURN TO MAIN

INITIALIZE TIMER

CA1 NEG.EDGE ACTIVE

SET TIMER

TIMER SET AND START
I-FLAG CLEAR

4.5 SEC DELAY

SET T4 8.1 SEC

Table usage : 25
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APPENDIX C

DATA PROCESSING PROGRAM (WPLOT)

{¢B+ Data processing progras using Watanabe DA4@AS digital plotter }
Progras WPLOT{input,output,auxout};

{$B-}

var fnase,title,coamand : string ;
S name o text ;

Npoint,NP  : in

teger 3

X, 81,Y,¥YY ¢ array(1..1824] of real ;
ok : boolean

abort,first,data
K,I1,12,Nconnent
value . re

ws se =

al

i
integer §

cosaent : array[1..26] of string;
(R H R R R R R R R R A R R HE R )

Procedure PLOT{var X,Y:arrayl[1..1824] of realiNpoint,FL:integer; firstiboolean)jexternal;

Procedure PSET 3
Procedure PLTSET
Procedure PAUSE
Pracedure NOPAUS }

" wes @ -

external
external
external
external

. we ws -

{ printer set }
{ plotter set }

Procedure EXPREG{var X,Y:array[1..1824] of realjvar Npointiinteger){ external ;
(AR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R E R R R R R R}

Procedure INCMD( var FL : stringl}

begin
REPEAT

writelnjwrite(’ Command ?

if FL="H’ then
begin

H=help ’,chr(7}); readln(FL)} FLi=upshift(FL)}

write{’ Create new data file.....{CRE)’
write(’ Flip data coevvvnsnnenaad (FLIY’
write{’ Add offset Value te Y..,.(YAD)’
write(’ Multiple a value to Y....{YNU)’
write(’ Range Set of X to plat...(RAN)’

write(’ Initial plot...vvoueneea {IPL)’
write{’ Print data to printer....(PRI)’
write{’ Get data from disk.......{BET)’
write{’ Edit data.....eoeouunaas  {EDI)T

)i
H
)i
Y
)i
write(’ Plot to CRT......ovvuuua o (CRTDV)S
)i
)i
H
)i
H

writel’ Se00thing.....oeeeaveess, {SHO)’

end
UNTIL FLSYH?
end;

writeln{’
writeln(’
writeln(’
writeln(’
writeln(’
writeln(’
writeln(’
writeln(’
writeln(’
writeln{’
writeln(’

Type data to CRT.........(TYP)’);
Absolute value ......e... {ARS)’)}
add value to Xe.ovusuans (XAD)7)3
Multilpe a value to X....{(XWU)’)3
Regression «.e.sesassess. {REB)');
Reset to Initial value...(RES)’);
Output to plotter........(PLD)’);
save data to Disk........{54V)7);
check data contents......(CHE)’);
Curvilinear Interpolate..{CUR)');
Exitevioseseriiennnnenna  (EXD)7)

(B R R R R AR RN R R R R R R R E R R R R R RN R R R R RN R R R R R AR}

Procedure Create

137
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var Xinc,a,b : real
I © integer
begin
=1 3
write(’ input X[1] value and X-increment ! ')} readin{ X[1],Xinc);
11=x43;
writeln{® to stop input, type -9999 *);
if Xinc}@ then
begin
I:=1 3
repeat
write(* I=,1:4,7 , X[I11= * ,X[11:18:4,” input Y{I] ’);
readln{ YOIJ )5 YILIRi=YLIY 5 Di=I+¢1 § XD12i=X(1-11¢Xinc; X1013:=XII]
until YLI-11=-9999
end
else begin
=3
repeat
sritel’ I= 7,1:4,” input X[I1 and YLI1 ')}
readln(XCI3,YIID)s XI0D3:=X013 5 YI01d:=YOID § Ii=I+l
until X[I1-13=-9999
end ;
Npoint:=I-2; NP:=Npoint ; I2 := Npoint;
writeln{® Input cossent for the data ')
1:=8;
repeat
I:=1+13 readin{cossent{I]}
until coasent{I1="’}
Ncomment:=]
end §
(R E R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R EEE)
Pracedure CRT}
var I: integer ;
begin
for 1:=1 to NP do begin
if break then exit;
writeln( X(I1,” ’,Y[ID)
end}
writeln
end 3
R 2222 2 2 2 T Tz 2R 222 2 2 2222222222222 2223223 222232332322 3]
Procedure Printouts
var I: inteqer
begin
PSET; { print prograa load }
writeln{auxout,title); writeln{auxout};
tor I:=1 to NP do begin
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writeln(auxout,X(11,Y(I] )3
if break then exit
end 3§
writeln(auxout, chr{12));
PLTSET  ( PLOTTER SET }
end }
(RS HEREERERERME R RE R EE R EE R R R R F R R R R R R R E)
Procedure SAVEDISK 3

var I: integer ;
begin
write{’ input the file name ? ’); readin{fnamel;
write(’ input the coament of the data ! ’); readln{title);
rewrite{naae,fnase) ;
writeln(name,title}; writelninase); writelninase,’$DATA’);
for I:=1 t1 NP do writeln(name,X[1],Y[ID}}
clase(nane)
end;
(R EREERHISH R REHR SRR R R R R R R R R R R R R R R 14}
Pracedure READDISK
var I,11: integer §
title : string 3§
begin
writeln(’ What is the name of the Input file ? ")} readln{fname};
OPEN(name,fnane,input);
title:=’"; Il=t ;
while (title{>*$DATA’) and {not EOF (nase))and{I1<28) do
begin
readin{nase,title); cosment[I{]i=title ;
[1:=1141 § writeln(title)
end;
Ncomment:=I1-13
if 11219 then writeln(’ too many comsent line °);
if EOF{name} then
writeln(’ Data format error !, use $DATA before st data’,chr(7});
Ii=1 3
while not EOF (nase) do
begin
readln{name,X[I1,YIID);
X10I3e=X01Y 5 YI[13:=Y[I1 § Ii=I+1
end §
Npaint:=I-1 ; NPi=Npoint ; Il1i=1 § I2:=Npoint ;
CLOSE( name)
end
(HEEREERRRRSREEREREREE R F R R RN B R R HH R R R R B H R R R 1)
Procedure Range
var R1,R2 : real ;
I integer §
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begin
repeat
writelnjwriteln(’ current data range ',X1[i1," to’,XIINPD);
write{’ input two real numbers for new range ’); readln(R1,R2)
until (R1>=X[11)and(R2{=X[NP1)and(R1<R2) }
I:=8
repeat
I:=1+13
until RI<=X{ID
=13
repeat
I:=1#1
until X{I3>=R2 ;
12:=13 NP:=12-1141
for 1:=1 to NP do
begin
X013s=XU1+18-11 § YI12:=YOI+11-1]
end
end }
CHERERR R R R R R R R R R R R R E R R R R B R HE R R R 4E)
Procedure CRTPLT §
var Vain,Vmax @ real }
line : array[8..78] of char ;
I,d,N & integer ;
Function C( vi real)iinteger §
begin
:=round (76%(v-Vein}/{(Veax-Yain))
end;
begin (CRTPLT}
writeln{’ input min and sax to plot *); readln(Vain,Vmsax});
for I:=1 to NP do
BEGIN
for J:=8 to 78 do linelJ):i=" °3
linel C(Vain) 3:= "1"§ linel C(Vmax) I:="}"3
if (Vain#Vaax)}<{=0.8 then linelC{d.6)1:=’:°
$=C{YLIY)
if((N>=#) and (N<=71)) then line[Nl:="#' j
NRITE(X[11:9:4)3
for J:=8 to 79 do writel{lineld});
if break then exit ;
writeln
end
ends
(HERE AR RERRER R R R R EE RN B R R R F R R L R R R R R E)
Procedure REGRESSION ;
var pit i boolean ;
begin

140
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RANGE;
EXPREG(X,Y,NP)}
PLTSET 3
write{’ Plot to the plotter (Y/N) ? ’); readin(plt);
if plt then PLOT(X,Y,NP,5,false)
end;
{aeesatsdidd EDIT SR 0Sub s s R RRa Rt b RRRERRERSREREEE)
Procedure EDIT;
var Kedit : integer ;
fedit © real}
CHD  : char ;
begin
repeat
write(” Input X-value *)jreadin{Xedit)
until (Xedit>=X[11) and (Xedit{=XINP1);
=6
repeat
Ki=K+1
until X[K1>Xedit#l.dd1;
Kedit:=K-13
repeat
repeat
sritelniKedit,’ X=",%[Keditl,’ Y=’,YiKeditl);
write(’ 0K ? Y=change, U=up | line, D=down 1 line , A=abort ’);
readin(CHD)
until CHD in U'Y' 0’07 ,’A']}
if CHD="Y’ then
begin
if Kedit(=NP then
begin
write{’ New Y value ? 7); readln{Y[Keditl);
end
else begin
write(’ Input new X-value and Y-value to add ’);
readin{X(Kedit],Y[Kedit1); NP:=Kedit
end;
Kedit:=Kedit+1
end;
if CHMD="U’ then Kedit:=Kedit-1;
if CHD="D" then Kedit:=Kedit+!
until CHD="A’
end;
(R R R R R R R R R R R RN R R R R R R R AR R R R R R R R R R R R ER)
Function Lagrange{xint : real )ireal ;
var alpha, beta : real ;
[,d : integer ;
begin
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beta :=6.4 ;
for I:=1 to NP do
begin
alphai=1.4 3
for J :=1 to NP do
if I¢3J then alpha:=alpha#{xint-x[J1)/(x[11-x[11)}
beta :=beta + (alpha#y(I])
end § (I}
Lagrange:=beta
end; {Lagrange}
{ PR R R R R R R R R R R R R R R R R R R R R R R R R R R R R )
{ Akima Spline fitting from basic scientific subroutines vol.2 p388}
Function Spline(xint : real)ireal}
var M,1 ¢ array(@..238] of real ;
I,V ¢ integer ;
a,b,c,dx: real ;
begin
Vi=NP;
if (xint < x[13) or (xint>xINP-31} then
begin
dx:i=x[NpI-xINP-11; xINP+11:=x{NP1+d.1%dx} x[NP+21:=x[NPI+8,2¢dx;
yINP+11:=yINP1; yINP+21:=yINP]
end;
abort:=false;
if not abort then
begin
for I:=1 to V-1 do MOI+21:i={y[I1+13-y[ID}/(x[I+11-x{ID)}
MIV421:=28MIV+1]-NIVIS NEV+ITI=28NIV42]-NIV+115
MI21:=28MI31-M4]5 ND11:=2eN[2]-M(3}}
for 1:=1 ta V do
begin
ai=abs(M[I+3]-MLI+21)§ bi=abs(MII+11-M(ID);
if (athl= 4.9 then I{I11:={N[I+21+M[I+11}/2
else I[I1i=(asM[I+11+b#M[1+2])/(ath)
end;
1:=6 3
repeat
=1+l
until zint<x{I1
1:=I-13
if I=# then begin
bi=x{11-(2#x[11-2(21)5 ai=xint-{2#x[11-x{2D)

end
else begin

be=x[I+1]-x{11; ai=xint-x[I]
end;

ci=sy[1TezT]sa+ (3EMI1+2]-282[11-201+11) #ata/bj
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Splinei=c#(z[11+2(1+11-24M[1+2]) #akata/ (beb)
end
end;
(R R R R I R HH HE HE E R HE R R F R R )
Procedure Curve j§
var L,M,nint © integer ;
plt ¢ boolean §
flag : char ;
dx,xm @ real §
begin
if NP)188 then
begin
writeln{’ too sany sample point ’}; aborti=true
end;
if not abort then
begin
repeat
writel{’ Lagrange (L), or Spline {S), or Abort {A) 7?7 ’); readiniflag)
until flag in °L°,787,°A°1
if flag = A’ then abort := true
ends
if not abort then
begin
write(’ How many points for entire curve ? ’); readln(nint)
dui={xINPI-x[11)/nint 5 xmi=x[1i] ;
for Li=1 to nint+! do
begin
r{L+186]:=xn ;
if flag="L" then y[L+188)i=lagrange(xm)
else ylL+1881:=5pline(xa};
xai=xatdy
end;
for Li=1 to nint+! do begin
x{LI:=xlL+1861; yILI:=y[L+184]
end;
NP:=nint+1;
write(’ plat 7 *)jreadln(plti;
if plt then PLOT(x,y,NP,5,false)
end
end; { curve}
(R R R R R R R R R R R R R R R R R R E HR R R HEEE)
Procedure Seooth;
var a,b,c i real §
Ni,N2 : integer ;
flg ¢ char ;
begin
write(’ input start and end # of point to smooth ’) ; readln(NI,N2);
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repeat

write(’ Linear (L}, or Exponent (E), or abort (A) )i readln(flg)
until fig in O'A°,°L%,'E’ T3
if £1g{>’A’ then
begin
if N2ONP then N2:=NP }
N1:=N1+1 5 ai=yIN1-11; bi=y[N1]; ci=yINi+11;
if flg="E’ then begin

a:=lnla) § b:=ln(b) ; ci=ln{c)
end;

repeat

yINL]i=(2.8%b+atc) /4.0

if fl1g="E’ then yINil:=exp{yINID);

Nii=N1+13 ai=b § bi=sc § ci=yINI+1];
if flg="E’ then ci=ln{c)

until N1+1=N2
end {not A}

end;

(R R R R R T E RN R R R R R R R B R R R RN R R R R R R R R R R R 0N}
begin { main }

sriteln;
PLTSET 3

writeln(’ MWatanabe Plotter plot program’);
NOPAUS 3

dataok := false ; aborti=false ; firsti=true ;

repeat

INCMD {command);
Case cosmand of

*CRE’
TP
'FLE®
'ABS’
"YAD

'PRI*
"XAD*

TYN?

? xm,

: begin Createjdataok:=true end;

: CRT

: for Ki=1 to NP do Y[KI:=-YIK]

: for Ki=t to NP do YIK1:=abs(YIK1) ;

1 begin
writel(’ Input the offset value to be added ’); readln{value);
for Ki=1 to NP do YIK1:=Y[Kl+value

end ;

¢ if dataok then Printout else writeln{’ No data !’);

¢ begin

write{’ Input the offset value to add to X ’); readln{valuel;
for K:=1 to NP do XIKI:=X[Kl4value

end;

: begin

write{’ Input the value to Mult. to Y ’); readlnivaluel);
for K:=1 to NP do YIK1:=Y[Kl#value

end;

: begin

write!’ Input the value to Mult. to X ’); readln(value);
for K:=1 to NP do X[KI:=X[Kl#value

end }

144
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"GAV’ : if dataok then SAVEDISK else writeln(’ No data !’)}
*REG’ : REGRESSION §
*CUR* ¢ Curve ;
'6ET’ : begin READDISK jdatack:=true end;
*IPL? ¢ begin
it dataok then begin
PLOT(X,Y,NP,5,true); first:=false
end
else writein{’ No data !’)
ends
'PLO’ : if dataok then PLOT(X,Y,NP,5,false);
'RAN’ : if dataok then Range ;
*CRT” : if dataok then CRTPLT ;
'S0’ : if dataok then Smooth ;
'EDIT ¢ if dataok then EDIT;
'RES® : if datack then begin

for K:=1 to Npoint do begin
XTKI:=X10K3 § YOKI:=Y1[K]
end;
[1i=1 § I2:=Npoint ; NP:=Npoint
end;
'CHE’ : begin
writeln{*##0riginal Buffer#z ’,Npoint,’ points ’);
writeln{’ X axis range ’,X1[{1,” to’,X1[Npoint]); writeln
writeln(’##Current datas *yNP,’ points )}
writeln{” X axis range ’,X[11,” to’,XINPI}; writeln }
if Ncosment)! then
for K:=1 to Ncomsent do writeln{cossent[K))
end;
TEXDT ¢ aborti=true
else writeln{’ invalid cossand ’)
end {case}
until abort;
PAUSE
end.
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Module REGSUBI{input,output,auxout);
{ data regresion progras, link to WPLOT }
(HER R E R T R R R E R R R E R F S R R H R HEH HE )
Procedure PSET: external ;
Procedure EXPREG(var X,Y:array[1.,1824] of realjvar Npoint:integer);ENTRY;
var Ycoor,Ycoor,suax,suay,coeff.error © real j
SURXSQr ,SUBYSQr,Sulxy,a,b,xi,x2,step : real ;
cont © boolean 5 1 ¢ integer ;
command,flag : char
Procedure Getdata ;
var i © integers
begin
susx:=8; suay:=@8; suaxsqr:i=#; sumysqri=#; susxy:=#;
for 1:=1 to Npeint do
begin
if {coasand="L’)or (cosmand="E’) then Xcoor:=X[i] else Xcoor:=ln(abs(X[il)};
if (command=’L’) then Ycoor:=Y[i] else Ycoor:=In(abs(Y[il))}
suax:=susx+Xcoor ; susy:=sumytYcoor j
suaxsqri=susxsqresqriXcoor)] sumysqr:=sumysqresqr{Ycoor); suaxy:=susxy+Xcoor#Ycoorj
end;
if Npoint#suaxsqr=sumx¥sumx then
begin
cont:=false; writeln(’ Regression cannot be calculated !’)
end
else begin
b:=(Npoint#sumxy-susy#sumx)/ (Npoint#suaxsqr-sumx¥susx);
ai={susy-b¥suax)/Npoint
end
end;
(FEFEERRERF R R R RS R RR R AR E R R RN R R R R R R R R E RS R RN F R R R RS20 EE)
Procedure CRA ;
var tesp : realj
begin
teap:=b#(sumxy-sumxtsusy/Npoint!};
coeff:=abs (teap/{suaysqr-sqr {susy) /Npoint));
error:=susysqr-sqr (susy) /Npoint-tesp
end;
CHHE RIS SRR R R R R R R R R R R R B R R R LR R R R R 8 )
Procedure Interpolate;
var i : integer;
al: real ;
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begin
if cosmand="E’ then begin
ali=explal)}
for i:=1 to Npoint do Y[il:=al®exp(b#X[i])
end;
if coamand="L’ then
for i:=1 to Npoint do VY[i}:=b#X[i] + a }
if cosmand="6" then begin
ali=explal;
for is=1 to Npoint do Y[il:=al#(X[ilsh)
end
end;
CHES R R R R A R R R R R R R F R R R R R R 4}
Procedure Writeit(Pout:boolean); :
var Outfile : text 3
begin
PSET;
if Pout then Open(Qutfile, auxout) else Open(Outfile, output); writeln(Outfile);
it coamand="E’ then begin
writelnfoutfile,” Exponential Regression ’};

writeln(outfile,’ Y = A # EXP(B#X)’);
writeln(outfile,’ A =",expla)i12:6);
writelnfoutfile,’ B =*,bi12:6)

end;

if comsand="L’ then begin
writelnfoutfile,’ Linear Regression ')}

writeln(outfile,’ Y=A#+X+PB);

writeln{outfile,’ = ',bi12i6)3

writeln{outfile,’ = 7,ail2i6)
end;

if comsand="6" then begin
writelnfoutfile,’ Geometric Regression ')}

writelnloutfile,’ Y =A#X#B')3
writeln(outfile,’ = ',expla)i12:6)3
writeln(outfile,’ B =7,bi12:48)

end;

writeln{outfile); writeln{outfile,” Coefficient of determination (R-sqr)=",coeff:9:4};
writeln(outfile,” Coefficient of correlation=",sqrt{abs{coeff)));
if Npaint=2 then Npoint:i=3 }
writeln{outfile,” Standard error of estimate=’, sqrti{absterror/{Npoint-2})):%:6};
writeln{outfile); Close(outfile)

end;

(R AR R R LR F R R S R E R R R R R R R R )
Procedure Result;
var Pout : boolean;
begin
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Pout:=false;
writeln; writeit (Pout)jwriteln; {write results}

write(’

if Pout then Writeit(Pout)

end;

(RS R R R RN E R R AR R R R R R R R R R R R R R R R R R R AR R PR R R R R R 14}

begin { EXREG }
repeat

writeln; writeln{’ Regression Subprogras ’);
writeln({’ Linear Regression...........{L})’)}
writeln(’ Exponential Regression......{E)’};
writeln(’ Geometric Regression........(6)’)}
writeln(’ Abort...cocecesrerssaraessas iR}’
write’ Command ? ’);j readln{coasand)

until comsand in O°L°,76",7E’,’A’] 3
if coamand{>’A’ then

end;
MODEND.

begin
cont:=true; Getdata ;
if cont then
begin
CRA; Result 3
repeat
writeln;

Output to Printer (Y/N) ? *); readln{Pout);

writeln(’ Replace with calculated data ... (R}’
writeln(’ Calculate for the range ........(C}’
writeln(® Abort ..uoserersersrcnsareoseasd (A}’

write(’ Coasand ? ')} readln(flag)
until flag in [°R7,7C’,7A°1 3
it flag = 'R’ then Interpolate
if flag = 'C’ then

begin

b3
1
]

write({’ Input ¥ axis range ’)} readln{xl,x2);

write(’ Input Nuaber of point to calculate ’)ireadin{Npoint);
stepi=abs{x2-x1}/Npoint § Ii=1 § X[Ili=xl

repeat
I:=1+1 5 X[13:=X[I-11+step
until X{I1>x2#1.961 ;
Npainti=I-1;
Interpolate
end {C}
end {cont}
end { not A}
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Nodule PLTSUBW{input,output,auxcut);
{ Procedures for Watanabe Plotter driver }

{ X[1..Npoint) : X-axis data
YI1..Npoint] ! Y-axis data
Npoint : Number of point
FL ¢ flag 1=linear-linear
2=linear-log
J=log-linear
4=]og-log
3=not defined yet }

{#xse2888 Procedure PLOT #S8EREeissisds st bERHEREEREEEERERRERERERREE)
Procedure PLOT(var X,Y:array[l..1824] of real;Npoint,FL:integer; first:boolean ); entry ;
var Xmin,Xmax,Ysin,Ysax ! real ;
ax,bx,ay,by : real § { coefficients}
x1,x2,y1,y2 ¢ real 5 { plot window }
x8,yd : real § { origin of axis }
togxl,logyl,xi,yi xe,ym  real ;
xcycle,ycycle,I,N, 11,12 ¢ integer ;
ch : char
naae ! text 3
frame @ string ;
range,abort : boolean
(#4#e444+ Procedure MinMax ### find ainisue and saximus of X & Y array #as}
Praocedure MinMax( P: boolean );
var a,b : real
I ¢ integer ;
begin (MinMax} :
faini=X[131 ; Xeax:=X[Npointl ; Ymin:=Y[1] ; Ymax:=Y[Npointl ;
for I:=1 to Npoint do
begin
ai=X[11 § bi=Y[1] ;
if Ysin > a then Xmini=a else if Xmax<a then Ymax:=a }
if Yain > b then Ysini=b else if Ymax{b then Vmaxi=
end}
if P=true then begin
writeln(’ Xamin= ', Xmin,’ Xsax=',Xsax ); writeln(’ Yain= ’,Yain,’ Yaax=',Ymax )
end { if P}

end; {MinMax}
{#43488805830333888 Procedure Cycle HERERRREERIRREREEEEEERERRER)

Procedure Cycle{var RI,R2:ireal ; var ncycleiinteger);
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var 11,12 © integer
begin
It:=floor(log(Ri)+#.81) § I2:=floorileq(R2)) ;
if abs{log(R2)-12) 34,881 then [2:=12+1 ;
Ri:=1g%#I1 ; R2:=183312 ; ncycle := 12-11
end §
{ressisdss Procedure Window FEESREEasiisiiiisstibiaseistiss}
Praocedure Window;
var Lx,Ly, { length of plot area in (sm) }
0x,0y : integer ; (coordinate of lower left corner )}
1d ¢ integer 5 { length of one cycle of log axis }
speed,K : integer ; flag : char
0K ,cont : boolean ;
tix,tlyiinteger 5 ( teapolary Lx,Ly }
begin { Window } :
Lx := 206 ; Ly := 158 5 Ox i= 28 3 Oy i= 13
repeat
write{’ Plot size parameter S=standard, T=thesis, I=input ’); readiniflag)
until flag in [’87,’T’,'I’]§
if flag="T" then begin
Lxi=188 § Ly:=128 ; Ox:=28 ; Oy:=25
end}
if flag="1" then
begin
repeat
write{’ Input X-axis and Y-axis Iength in (ma) °)§ readlnilx,Ly);
write(’ Input Coordinate of lower left corner in {(aa) ’}; readln(Ox,0y};
if (Lx+0x<=238) and (Ly+0y<=188) then OK:=true

else hegin
writeln(’ Too big ! *)j OK:=false
end
until 0K
end }
repeat

write(’ input pen speed (18=max, ...., 1=min} ? '}; readin{speed)
until ( speed in [1,,18])
writeln(aurout,’ 7" speed:2);
REPEAT  { until 0K }
0K:=true ; MinMax(truel); write{’ auto scale {Y/N} ? ")jreadln{ch);
if (ch="Y’)or(ch="y") then begin
xli=Xemin § x2:=Xmax j yli=Yain § y2:=Yaax
end
else begin
repeat
write{’ input X-axis range ? ’)jreadinixi,x2) ;
writel’ input Y-axis range ? ’)jreadlnfyl,y2);
write(® OK (Y/N) ? ’); readlnicont)
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until cont
end ; {else}
it FL=5 then
begin
repeat
write(’ input lin-lin=1, lin-log=2, log-lin=3, log-log=4 ’}; readln(FL)
until ( FL in [1..41)
end; (FL=3}
if ((FL=2)or(FL=4)) and (yi{=8.8) then
begin
write(’ Negative Y-value, use ABS{Y) (Y/N) 7 ’)§ readinl(ch};
if {ch="Y") or (ch="y’) then for K:=1 to Npoint do YLK} := ABS(Y[K1)
else FL:=3 }

DK:=false
end §
IF 0K THEN
BEGIN
if (FL{}1) then
begin
write(’ Input the ! cycle lenght of log axis in (as) ') readlnild)
end;
if(FL=1)or (FL=2}then ax:=Lx#18/(x2-x1)
else begin
ay :=1d#1@; Cyclel x1,x2,xcycle); logeiislogixl);
Lxi=xcycletld §
if Lx)288 then
begin
writeln{’ X-axis cycle is ’,xcycle,” Reduce length !’)}
DK:= false
end
end;
if(FL=1}or (FL=3) then ay:=Ly#18/{y2-y1}
eise begin

ay:=ld#18 § Cyclelyl,y2,ycycle}} logyl:i=log(yl); Lyi=ld#ycycle;
if Ly>154 then
begin
writeln{® Y-axis cycle is ’,ycycle,’ Reduce length !");
0K:= false
end
end
end;{ if ok }
if OK then begin
write(” Continue (Y/N) ? ')} readln(0K)
end
if not OK then FL:=5
until 0K 3
bxi=0x#18 § by:=0y#ld ;
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writeln(auxout,’ N ,Ox#18,0y#16,chr ($8d),’L8’°);
writeln(auxout,’ 18’ ,Ly#1#,Lx+18,0,8,-Ly*16,-Lx#19,9); writeln{auxout,’R8,8’)
end 5 {(Nindow}
(saasanseeidd Function Px ### calc, integer value for plot HeRHERERREERBERRERERIEE)
Function Px( xvalue : real):integer ; :
begin
if (FL=1)or(FL=2) then Px = roundfax # (xvalue-x1) + bx)
else Pxi=round(ax#(log{xvalue)-logx1)+hx)

end ; { Px 1}
Function Py( yvalue : real ) : integer
begin

if (FL=1)or{FL=3) then Py := round{ay # (yvalue-yl) + by)
else Pyi=sround{ay#{log{yvalue)-logy})+by)
end 3 Py}
{eeeeeezaasa8t Procedure Ytic and Ytic SESRassssseRsisssiieiss)
Procedure Xtic{var xn : real jvar len : integer ) ;
begin
writeln(auxout,’ W ,Pxixn):4,’,” ,Py{y8):4) ; writeln(auxout,’1§,’,len:3)
end
Procedure Ytic(var yn : real ivar len ! integer ) ;
begin
writeln(auxout,’® ,Px(x8):4,’,” ,Py(yn):4) ; writeln{auxout,’I’,len:3,",8")
end §
(esttissasss Procedure Logtic HsiREidiesesiiitbbiiesssss)
Procedure Logtict LL,ncycle ! integer ) 3
var J1,J2,1ength,len | integer ;
ré,tic { real
begin
length:=18 ;
if LL=1 then r@:=x1 else ré:i=yl ;
for J1:=1 to ncycle do
begin
tor J2:=1 to 9 do
begin
if J2=1 then leni=length#2 else len:=length ;
tic i=résd2e(1g88(J1-1)) ;
if LL=1 then Xticitic,len) else Ytic(tic,len)
end °
end
end 3
{#xse#esese8# Procedure Linelvar xa,ya,xb,yb : real);eessdasessss)
Procedure Line{ xa,ya,xb,yb : real };
begin
writeln(auxout,’ M’ ,Px{xa),Py(yal); writeln(auxout,’D’,Px{xb),Py(yb))
end ;
(#xztasessesss PROCEDURE PLTEY #EE43RERieissitistitibtiiittiise}
Procedure PLTEX(rx,ry : real; ex,iflag : integer );
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begin
iflags=iflag-1 ;{ B=xaxis , 1=y axis}
writeln(auxout,’53’};
if iflag=# then writeln(auxout,’M’,Px{rx)+3,Py(ry)-43)
else writeln(auxout,’ M ,Px(rx)-18,Py{ry)+3);
writeln(auxout,’ P16’ iswriteln(auxout,’51°);
if iflag=# then writeln(auxout,’R8,25°)
else writeln(auxout,’R-25,8")
writeln{auxout,’P’,exi1}§ writeln{auxout,’§3’)
end §
(FREEEE AR R R AR R FRE R R R E RN R E R R R R R R R R R E R R R 1 E)
Procedure PEXX §
var ncycle,If | integer ;
re,ry : real j
begin
I1:=round{logx1) ; ncyclei=xcycle+ls rxi=xl § ryi=yd ;
repeat
PLTEX(rx, ry, 11,105 rxi=rxe18.8 § [1:=11+1 § ncyclei=ncycle-1
until ncycle=8
end ;
Procedure PEXY ;
var ncycle,I1 @ integer ;
rx,ry & real }
begin
I1:=round{logyl}; ncyclei=ycycle+! § rxi=x# § ryi=yl ; writeln{auxout,’@1°);
repeat
PLTEX(rx,ry,11,2)5 ryi=ry#i@ ; [1:=I1+1 § ncyclei=ncycle-t
until ncycle=g §
writeln(auxout,’8d’)
end;
{BE4RRE8E8 24524823 PROCEDURE PLNUM #355R53355Rtsiiuit it baRa114)
Procedure PLTNUM( rx,ry,nusberirealjiflagiinteger )3
begin
iflags=iflag-1 ; writeln{auxout,’@’,iflag); writelnfauxout,’S3');
if iflag=8 then
begin
writeln(auxout,’M (Px{rx)+5,Py({ry}-43)
end
else begin
writeln{auxout,’M ,Px{rx)-18,Py{ry}+3)
end;
if ({abs{number)>d.1) and {abs{number)<99.4)} or{nusber=4.9)
then writeln(auxout,’P’,nusber:i4:il)
else writeln(auxout,’P’ ,nusber)
end;
{HHEERERRRERRERREEE [nrange HERSREEEERERERRRERERRHRERRERNERIREEERE)
Procedure Inrangela,birealivar 0K & boolean )3
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begin
if ({1.081%a(x1)or (8,999%a>x2)or (1.8818b<yl)or (8.999%b)y2))
then OK:=false else OK:=true
end;
{sessasasdsds Procedure Linaxis #ERSRBEsRBedsiiiatiiiiiebastitiesie}
Procedure Linaxis ;
var length : integer ; dx,dy,xn,yn: real ;
stitle,ytitle,mtitleistring 5
begin
length = 18 ; write(’ Origin at lower left corner (Y/N} ? ’){ readinfch)j
if {ch="Y")or{ch="y’)then begin
xdi=xl ;5 y#i=yl
end
else begin
repeat
write!® input the origin (x@ y8) 7 ’) ; readlnix,y8)} Inrange(x8,yd,range);
if not range then writeln(’ range X : 7,x1,x2," Y ! ’,yi,y2)
until range
end;
if (FL=1) or (FL=2) then { lin-x }
begin
writel’ input tick distance of the X-axis ? ’)§ readlnl{dx) ;
xni=x@-dx#trunc(ixd-x1)/dx);}
if (yl<>y@land{y2(>y8} then Lineixl,y8,x2,y8) ;
while xn{x2 do
begin
if (xn{x@)and(xndx1} then Xtic(ixn,length) § xni=xn+dx
end;
if x<{>x1 then PLTNUM{x1,y#,x1,1);
PLTNUM(x8,yd,x8,1);
if 2x2(>x@ then PLTNUM(x2,y#,x2,1)
end
else begin { Log X axis }
if {y1Cy@) and{y2{>y#) then Line(x1,y8,x2,y8);
Lagtic{i,xcycle); PEXX
end ;
if (FL=1)or(FL=3} then { lin Y axis }
begin {if lin-Y }
aritel’ input tick distance of Y-axis ? ’); readln( dy )}
yn:=yd-dy*trunc{{yd-yl)/dy) ;
if (x1x@)and(x2(x8) then Line(x@,yl,x8,y2) 3}
while yn(y2 do
begin
iflyn¢>y8land{yn>yl) then Ytic{yn,length); yni=yntdy
end;
if y8COyl then PLTNUM(x8,y1,vy1,2)}
PLTNUM(x8,y8,y8,2);
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if y2(>y# then PLTNUM(x#,y2,y2,2)
end {lin Y}
else begin { Log Y axis)
if (x1Ox#)and(x2¢>x8) then Linefxd,yl,x8,y2) §
Logtic{2,ycycle); PEXY
end;
writeln{auxout,’R#,8°); writel’ input X-axis title ’)§ readln(xtitie);
write(’ input Y-axis title ’}; readln(ytitle);
write(’ input sain title ’); readln(atitiel;
it xtitle(}’’ then
begin
writeln(auxout,’@#'); writeln(auxout,’M’ Px(x8)+284,Py(y8)-128);
writeln{auxout,’P’,ntitle)
end;
if ytitle(?’’ then
begin
writeln{auxout, N’ ,Px (x8)-186,Py(y8) +188);
writelnlauxcut, 817 ,chr($8D),'P",ytitle); writeln{auxout,’88’)
end;
if atitle<>’” then
begin
writeln{auxout,’S5’); writelnlauxout, M ,Px{x8}+188,Py{y2)+188);
writeln{auxout,’P’,mtitle,chr {$8D),°§3’)
end;
end j {Linaxis}
(FEERR R R R R R R R R R R R R R R R R H R R R R HEE A E)
Procedure Interpolate{pointiinteger; var xint,yintireal);
var xpl,xpZ,ypl,yp2 ! real ;
begin
xpli=Xlpoint] ; xp2i=X[point+l] ;
ypli=Ylpoint] 5 yp2:=Ylpoint+1] ;
it {ypliy2) or {yp2>y2) then yinti=y2
else yinti=yl ;
xinti=(xp2-xpl) #{yint-yp1)/{yp2-ypl) + xp!
end; { interpolate}
(B R R R R R R R R R R R R R R R R R R R R R R R R R R RN R R R EE)
begin { plot }
if first then
begin
Window; Linaxis ; fname:="1,WPLOT.DAT’; rewrite(name,fname);

writelniname,FL); writeln{nase,ax,bx,ay,by); writelniname,x!,x2,y1,y2}; close(nase)

end
else begin

fname;="1,WPLOT.DAT’; open(name,fname,input); readlninase,FL); readln(name,ax,bx,ay,by);
readlnfnase,x1,x2,y1,y2); close(nase); logxli=log(x!) ; logyli=logiy!)

end;
writeln{auxout,’H’); writeln{’ Change pen color, then’);
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write(’ input line type, #=solid, l..4=dot, 5..6=one point ,’, °7..8=two point, ~{=no line ’};

readln(N}; Ii=8;
repeat
1:=1+1; Inrange({X[11,Y[1],range)
until range ;
I:=1;
if N>=# then
begin
writeln{auxout, B48* ,chr ($80),'L’ Ni1); writeln(auxout,’® ,Px{X(11),Py(Y[I]) )}
[:=1+13
repeat
if break then exit ;
vis=X{11 ¢ yii=Y[I1 } Inrangeixi,yi,rangel;
it range then writeln(auxout,’ D’ ,Pxixi},Pyiyi))
eise begin
Interpolate(I-1,xa,yn)}
writeln(aurout,’D’,Px(xa},Py(ya)}; abort:=false ;
repeat
[i=I+1}
if (X[11>x2) or (I’Npoint) then abort:=true;
Inrange{X(11,Y{1],range)
until range or abort
if not abort then
begin
Interpolate(i-1,xa,ys)} writeln{auxout,’N’,Pxiza),Py(ys)}}
writeln(auxout, D’ ,Px(X{11},Py(Y(ID)}

end
end;
[i=1+1
until (XEI1Xx2)or{I:Npoint):
12i=]-13

end; {if N>=8 )}
writelnfauxout,’H’); write(’ plot mark ? 8 = no mark ’);
readin{N};
if N8 then
begin
I=11;
repeat
it break then exit ;
Inrange(XCI1,Y{I1,rangel;
if range then writeln{auxout,’M’ ,Px(X[11),Py(Y[I} chr($8D},’N" N:2);
1=+
until {I}Npoint)or (X[11>x2)
end; (N8}
writeln(auxout,’H*)
end ; { plot }
HODEND,
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APPENDIX D

PASCAL PROGRAM FOR CONDUCTING SPHERE IN FREE SPACE

(FREQUENCY DOMAIN)
{$B+ calculate frequency domain response of sphere }
Progras FSPHERE (input,output,auxout);
{$B-} { for break }

type cosplex = record
re : real
. is ! real
end; {record}
ary = array[1.,1824] of real ;
var D,Hz,K,X  : complex
01,082,03,84 : cosplex
ri,r2,r3,r4 : real ;
5 ! real j { consuctivity of sphere }
Mt,Mr : real ; { soment }
y

]
’
'
9

Rt : real { radius of T-loop }
: :real 3 { depth of the sphere }
au,0neqa, freq,Freql,Freq2,Lt, H8 : real
Npoint,Nt,I i integer ;
a :real ; { radius of sphere }
continue,first : boolean j
df,coetf : real ;
#i,50RI : complex 3§
FRQ,REHI, INHL : ary 3
(FHEFFHHEE A O R R H R R H 3 8)
Procedure PLOT(X,Y:ary;Npoint,FL:integer;firstiboolean);external;
Procedure PLTSET § external j { initialize digital plotter }
(R R R R R R R R R R R R R R R R R R R AR R R R R R R R R R R R R R R R 24}
Function CMPLX{ realpart,imagipart : real ): comsplex ;
beqin
CMPLX.re := realpart § CMPLY.im := imagipart
end
(EEERRERERER RS HERE R HEA R R LR R R R R L R H R R A E)
Function CRMUL( 21 : complex ; realnuaber : real ):cosplex ;
begin
CRMUL.re :=zl.re # realnuaber ; CRMUL.im :=zl.,im # realnusber
end ;
(EFERERR AR R R R RN R R R TR R R R FH R RS H RS R IR E R 1)
Function CADD{z1,22 : coaplex):cosplex ;
begin
CADD.re:=zl.re+z2,re ; CADD.im:=zl.in+z2.in

end;
(R R R R R R R R AR R B R RN AR E R R R R R RN R R R R R R R R H DR RREEE)
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Function CSUB(z1,2Z : cosplex)icomplex ;3
begin
CSUB.re:=z1.re-22.re § CSUB.imi=z21.in-22.in
end; ,
LR AR R RN R R R LR R R R R R R R R R R R R LR R R R R R RS}
Function CMUL{z1,22: complex)icosplex }
begin
CAUL.rei=zl.re#z2.re-z1.in¥22.i0 }
CNUL.iml=zl.re#22.in¢z1,ia%22,re
end;
(RREE SRR EE R R AR RN E R BB R F R E R R R R R R R S R R )
Function CABS(zl:complex}:ireal ;
begin
CABS:=sgrt{ sqrizi.re) + sgrizi.im) )
end;
(R R R R RN R R R R R LR E R R E R R E R E R R R R R R R RS}
Function CDIV(z1,22:complex) icomplex;
var r § real ; '
begin
if abs(zl.re) > 1e7 then
begin
zl.iai=zl.in/zl.re § 22.ret=z2.refzl.re § 22.imi=22.infzi.re } zl.re:=1.8
end}
r i= sgrizl.re)+sqr(z2.is) ;
CDIV.re:=(zi,re#z22,re+zi.in%z2.ia)/r ; CDIV.iai=(z21.in¥#22.re-2l.re¥z2.in)/r
end;
(B R R R R R R R R R R R R RN R R R R R R R R R R R R R R R R R R R R R R SR E)
Function CINV{(z1:complex):coaplex ;
var r : real j
begin
r issgrizi.re) + sgrizl.ial};
CiNV.rei=zl.re/r ; CINV.inl=-z1.is/r
end;
{ }i!ll*ll!li*!!!ilii*i!**!l-}lIil*{i{ll{{-ll!}ililil!!ili!iilllliliil*lt!i}
Function CEXP{z1:complex)icomplex }
begin .
CEXP.rei=cos{zl.in)*expizl.re} ; CEXP.imi=sin{zl.im)#explzl.re)
end;
22222222 22 2T 22z scIzs iz Rzt 2s2 2222222222 2222223222322 3222 33
FUNCTION CCOTH{21: complex)icomplex ;
var 22,23,24 : cosplex }
begin
t2.re:=-zl.re § z2.imi=-zl.ia
23 = CADD(CEXP(z1),CEXP(22))
CCOTH := CDIV(z3,24)
end;
(R R R R E R R R R R R R R B R R R R R R R R R R R R R LR R EE)

24 = CSUR(CEXP{z1)},CEXP{22))3

158



T-2910 159

Function Dx{z1:complex }: coaplex
var 22 : complex ;
begin
22:=CSUB{CCOTH(z1),CINV(z1) )5 22 = CDIVIz2,21);3
Dx.re:=3.8%z2.re - 1.8 § Dx.im:=3.6%:22.ia
end;
K222 22 22222222222 22222 2222 MAIN (22223222222 2222223222232 32222222222 )
begin { MAIN }
sui=pi#4.9E-7 3§
a = 8.852 § { radius Scs }
Mr :=8.465; { moment of receiver coil }
Lt :=8.8; {8.8x 4.8 ax 166 turn transaitter loop }
Rt i= Lt/sqrtfpi) 5
Freql :=14.8 ; { Min freq to calcu }
Freq2 :=18680, ;
Npoint i= 186 ; { 188 point to calcu }
SQRT := CMPLX{ 1.8/sqrt(2} , 1.8/sqrt(2) )5 .
Nt := 188 3 Mt := sqriLt)aNt
Qi := CMPLX(8.0 , 1.6); ( imaginary nusber unit }
repeat
writeln ; writeln{’ Frequency Dosain Responce of Conductive Sphere "3
writelnjwrite{’ input depth and conductivity ’}; readln( 2,5 )3
HE := Mt/ (2.0%pissqrt(Rt*Rt + z2#z)); coeff i=({a/z)#23 ) * H ;
df:=(Freq2/Freql) ##{1,8/ Npoint-1)) ;
writelnl’ freq Hz.real Hz.imag ’}3
freqi=Freql ; r1 i= sqrt{s#mu) ;
for 1:=] to Npoint do
begin
if break then exit;
omegai=2.8 * pi #* freq ;
K := CRMUL(SBRI,ri#sqrtiomega)}; { k=sqrt(its*sutomeqa)}
X o= CRMUL( CMUL(K,8i) , a) § { x=i%k#a }
D = Dx{X) § Hz:= CRMUL{(D,coeff}; FRR{I}i=freq; REHI[I):=-Hz.re j IMHI[I]:=Hz.im ;
writeln( freq,Hz.re, Hz.in };
freqi=freqtdf
end;
write(’ Plot the data ? "}; readln{continue);
if continue then
begin
PLTSET;
write(’ first plot ? ) § readlnifirst) ;
PLOT(FR@,REHZ,Npoint,5,+irst);
PLOT(FR@, INHZ,Npoint,3,false);
end;
write{” Continue ? ')jreadln{continue)
until not continue
end.
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APPENDIX E

PASCAL PROGRAM FOR CONDUCTING SPHERE IN FREE SPACE

(TIME DOMAIN)

Progras TSPHERE(input,output,auxout);
{ Calculation of time domain response of conducting sphere }

type ary = arrayl[l..1824] of real;
var Mt,Mr,B@,alpha,dl : real;
a,2,L1,L2,Rt enf { real;
sigea,t,mu : real §
I,4,K,Npoint : integer ;
K,y ioary;
first,plt,continue : boolean;
t1,t2,dt,coef : real}
(FERRSHEEEFRRREEERE IR R R R R F R E R H R R H RS R R R R R R R R H R R 4R EE)
Procedure PLYSET; external;
Procedure PLOT{var x,y : aryiNpoint,fl:integer;firstiboolean);iexternal;
(FERF R HE AR FE R R E R R R A R R R R R R R R R R R R R R R )
Function Esus{time : real )ireal}
var sum,u,w: real;
i & integer}
begin
sua:=8.8; 1:=1; ui=-pis#pitalphattine;}
repeat
wisudsqr{i)] sumizsumtexpimwl; ii=i+!
until w(-28. ;
Esumi=sum
end;
(FHER R ER RS F R R R R F HE LR R R R R R B B R R R E)
Procedure Getparameter;
const current=1.8;
var flg i char;j
Nt : integer;
begin
write{’ enter conductivity of the sphere (sha/a) : ’)ireadln(sigma);
write{’ enter radius and depth of the sphere (m) : ’)jreadln(a,z}}
repeat

write(’ Circuler t-loop (C), or Rectanguler t-loop { R} ’); readlniflg)

until flg in °R’,7C°]5
it flg="C’ then
begin
write(’ input radius of transaitter loop ! ')} readln(Rt)
end
else begin { Rect. loop }
write(’ enter L1 and L2 of transmitter loop ¢ ’)5 readlnili,L2);
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Rti=sqrt (LI#L2/pi)
end;
write{’ how many turns ? *); readln(Nt);
Mti=pidsqriRt)#current#Nt; aui=pi#4.fe-7; alphai=1.8/(sigmatsu¥sqr(a));
B#:=Mt*au/(2.9%pi#((sqr{z)+sqr(Rt)) #£1.5})§
write(’ enter Moment of receiver loop Nr : ’)jreadlnilr)}
dl:=6.8%aksqr (a)/{sqr (pi) #sqriz)#z)
end;
(SRR HE R R R R R R R R R R R R R R R R R R HE R R R4}
Procedure Savediskj
var NP : integer }
title,fname: string; nase . text ;
begin
write(’ enter file name ? ')} readln{fname);
write(’ enter a comsent line ! ")jreadin{title)}
rewritelnase, fnase);
writeln{name,fnase); writeln(name,titie); writeln(nase); writeln(nase,’ $DATA’);}
for NP:=1 to Npoint do writeln{name,xINP1,yINP1);
close(nane)
end ;{ Savedisk}
(FEERREHEHHE SRR RARE R ERREEER NAIN SEEEEREERERERERIEERHREHEEHEIHEEEE)
begin { main }
repeat
writeln; writeln({’ Time domain response of conducting sphere’)}
Getparaseter;
write(® enter time range to calculate (millseconds) : ’); readlnitl,t2)}
tli=t1/1908 ; t2:=t2/1088;
write(’ enter time incliment in ailliseconds ¢ ')} readln(dt);
dt:=dt/1888; coef:=BdMrralphardlesqripi); ti=tly Ji=l}
repeat
eafi=coef#Esus(t); writeln(t,eaf);
x{J1:=ta1888 ; y[Jl:=eaf; { X MILLISEC, Y VOLTS/1A}
di=d+]; tist+dt
until t3t2;
Npointi=d-1;
write(’ Plot (Y/N) ? 7); readln(plt);
if plt then
begin
PLTSET;
write(’ first plot {Y/N) 2 ’); readln{first);
PLOT(x,y,Npoint,3,first)
end;
write{’ Save data ta disk {Y/N) ? ')ireadln(plt);
it plt then Savedisk;
write(’ Continue ? ’)jreadlnicontinue)
until not continue
end.
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