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I. Introduction

Electrical impedance measurement is of great interest in medical
diagnoses., It is a low-cost, low=-risk technique which may determine
certain meaningful properties of tissues. Use of guarded electrodes was
found experimentally helpful in improving the regional sensitivity of the
measurements. [1-5] The reason for improved regional sensitivity is
explained as guarding provides a more confined measuring volume. [6]
However, the calculation of the impedance is a complex fields problem,
and the published quantitative evaluations of the guarded impedance
measurement are minimal,

Hers, the effect of guarding is studied in a volume conductor with
simple rectangular geometry. Both homogeneous and inhomogeneous cases
are considered., The electrical potential is first calculated, then the
electrode impedance measurements are computed. Equipotential lines and

current pathways are also constructed,
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II. General Problem Description

The general problem for which a solution is desired is that of
calculating a guarded electrode measurement for a media with a variation
in geometries and a range for the conductivity function. However, the
solution of this fields problem with relatively simple geometry usually
turns out to be quite complex. Here, only a simplified modgl is studied.

The problem is illustrated graphically in Fig. 2.l1. The parallel-
piped is an inhomogeneous volume conductor whose conductivity o is a
function of position. The guard electrode G and center electrode C can
be moved anywhere along the X-axis, and are maintained at a constant
electrical potential. The reference electrode R is grounded. The
impedance measured between the center electrode and the reference
electrode, and a description of the current pathways, are to be
determined.

Assuming that the Z-dimension is large compared to the X and ¥
dimensions, the solution of the three-dimensional problem can be obtained
by solving a two-dimensional problem as shown by the geometry in Fig.
2.2,

From basic electromagnetic theory the conduction current density and

the electric field are related as follows:

1

=0k (1
For a time-independent problem
E=-vv (2)

where V is the electric potential. From the continuity equaticn we
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have
¥ ,y.3=0 (3)
ot -
ap
In steady state, 3?-= 0; thus, Eqn. 3 becomes
T s T b (4)

Substituting Egqn. 1l into Eqn. 4 we have

Vo« (ok) = 0 (5)
Substituting Eqn. 2 into Eqn. 5 we have

Ve (=0 VV) =0 (6)

For a two-dimensional system, Eqn. 6 can be expressed as

g_x("g_i)‘"'g?("%):() (7)
We must determine the solution of Eqn. 7 with the following boundary
conditions:

1) v = V0 at points in guarded electrode G and center electrode C.

In this study we use VO = 10V.

2) V =0 at points in the reference electrode.

3) o, En+ =g En— at boundary of discontinuity of conductivity,
The solutions are the electric potentials at each point in the domain as

shown in Fig. 2.2. With the electric potentials known, one can find the

equipotential lines, current pathways and the impedance.



II1I. Methods

3.1 Numerical Approximation of the Potential Equation

In the previous chapter, the problem was identified to be one of
obtaining the solution for a two-dimensional potential equation with
specified boundary conditions. To the present, only a limited number of
special types of elliptic partial differential equations have been solved
analytically and the usefulness of these solutions is further restricted
to problems for which the boundary conditions are too difficult to
satisfy. [7] In such cases, only approximated solutions can be obtained.
Here, we use an iterative finite-difference method to approximate the

solution of Eqn. 7.

3.1.1 Zoning

The first step of the finite difference method is that of
subdividing the region into sets of smaller rectangles. The smaller the
rectangles, the more accurate approximation one will have; but at the
same time, more mesh points will require solving a larger system of
equations. In this problem, for a better approximation of the guard
electrodes, smaller zones are used for points occurring at the same
column as the guard electrode. This is illustrated by Fig. 3.1.

With the zoning shown in Fig. 3.1, we define Vi,' as the electrical
potential at the ith column and jth row grid point. With the finite
difference method, we find Vi,j for each isolated grid point instead of
developing a solution for every point in Fig. 2.2. The coordinates 1i,j
do not have a linear relationship with x,y, the coordinates of each point
since unequal zoning is used. Also notice that Vl,l is the electrical

potential at the origin (0,0).
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3.1.2 Finite Difference Method

The finite difference method approximates the derivative by
difference quotients over a small interval. It gives a satisfactory
approximation if the difference is small enough.

Using the finite difference concept, %% is approximated as

V(x,y) _ V(x+Ax/2,y) - V(x-Ax/2,¥) (8)

ax Ax

For an interior grid point (i,j) as shown in Fig. 3.2
L

l(isj+l)

(i-lsj) (i+1,j1
‘ (i,3) i

‘(i,j_l)

J

Figure 3.2 Interior Grid Point

= O " R [0 LN CE N (9)
also

(o -g—“;;)i%,j = Z:l:_z (90,5 Vyap, 574,507 (10)

(o g_i)i—%.j - Elg (97 35,9 V1,17V1-1,5%! (1)

= 1
where Ax1 ﬁ(sz + Ax3)

From Eqns. 9, 10and 11 we have



) v R 1
= O 1, (axl) [sz U4, Vie1,1704,5)
S v, V. . ] (12)
AX3 i"l’z’,j i,j i-1,j
Similarly
3 oV g 1
il = (ﬁyl) [Ayz Br e Py sy 4
e W, -V, . )] (13)
AY3 isj‘li i:j isj—l
where Ayl = %(Ay2+Ay3)
From Eqns. 12 and 13, Eqn. 7 is approximated by
() [ o V0 oV, ) = 0 v, V., )]+
x)” ‘hx, Civlg,] i+l 4.] Bxy ik,j Ci,§ 0 i-1,]
() [ o (V, =Yy ) == O v, <V, . D]=0 (14
AYI AYZ isj"'lf i,j+1 '1,j AYS isj-% : T T

Eqn. 14 is used to derive the finite difference equations for grid
points other than boundary points. The detailed derivations of all the
finite difference equations are listed in Appendix A. As observed from
Eqn. 14, grid points with different conductivity o will have different

finite difference equatiocnms.

3.1.3 Finite Difference Equation for Boundary Points
For points at the boundary of the discontinuity of conductivity, we

require the continuity of the normal component of the current density.

J =7 (15)



i.e.
Since E = V.
nce = VVV
We obtain
and

10

cr+En+ & cﬁEn_ {16)

(2)
En+ = [(-VV)+ ] (17)
E_ = [(-7)_ - 4] (18)

For a boundary point at

we approximate

v, ;
(W) i+l,d

the discontinuty of conductivity as shown below

A

(W, by |
i’j+1'%ﬁ?/ /i;/
a
v/
N,
. l_}’J //é >
1,3 Vit
U_-
171,5-1
¥

Fig. 3.3 A Boundary Point

...V_
i,] 2

+

Ax

1

v, . -V, .
+ i,j+1 i,]

Ayl

(19)

D

Approximating (VV)_ we have

V, . =V ;
(W)_ = 1,3 is k] 2
2
With Equs. 17-20, Eqn. 1
v -V
3414 1ady
o, [ o ) &+
1
Vi j 7 Yi-1,4
= o_[[(=——=]
2

Vi s
g o+ (—2d

Ayz

Vo
+ 1.]

(20)

6 can be approximated by
Vi,j+l -~V

(
le

2dy 91 - A

~ vi,j-l
Ayz

) §1 - 4] (21}
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Eqn. 21 is a finite difference equation for a boundary point at the
discontinuity of conductivity. The boundary points may have different
finite difference equations if they have different Ax, Ay, o, or i.
Detailed derivation of all the finite difference equations for boundary
points are also included in Appendix A.

From Eqns. 14 and 16 and

v = Vo for points at guard electrode

V = 0 for points at reference electrode

we get one finite difference equation for each grid point. Thus, the
problem of solving a boundary value problem becomes a problem of solving
a large system of linear algebraic equations. The numbering of the grid
points 1s shown in Fig. 3.2. We use the same numbers for the system of

finite difference equationms.

3.1.4 Gauss-Siedel Iterative Method

We now have a set of linear algebraic equations to be solved:
AV=F (22)

where A is the coefficient matrix depending on Ax, Ay, and the o's. V is
an unknown vector of all node potentials and F is a known column vector
depending on the boundary conditions.

Using the Gauss-Siedel iteration method, we solve this set of linear
algebraic equations by first assigning an initial approximation and then
succesgsively iterating the approximation according to the finite

difference equaticns.
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The Gauss-Siedel iteration method can be expressed as

(k+1) k)

(D+L)V = p-uv!
where k is the iteration number and L is the strictly lower triangular
part of A, U is the strictly upper triangular part of A and D is the

diagonal part of A. That is, for a nxn coefficient matrix 4,

r 3441 “*ip An
851 Bav 290
L anl 8n2 ann

The matrices L, U and D are:

21

nl

n2 °

n,n-1
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Bis = %tn
U::
an-l,n
L .
a1
A12
D=
i ®m |

3.1.5 Convergence
The coefficient matrix A in Eqn. 22 is a nxn matrix where n is the
number of nodes.

Here we see that

a,,| = .E a,. for node i not at the electrodes
3 j#FL | 713

a,,| > .Z a,,! =20 for node i at the electrodes
ii J#FL | 7]

Therefore matrix A is diagonally dominant. In addition, for each pair

(i,1) where 1i#j, there is a chain

8y 7 o+ o+ e i #0

i 4l -
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The Gauss-Siedel iteration method will converge if the coefficient matrix

A satisfies the conditions named above. [8]

3.1.6 Successive Over Relaxation Method

In real problems it is normal for iteration processes to be slowly
convergent, The success of most iterations depends upon the application
of a special technique called acceleration to hasten the convergence
process. [9]

In this study, the successive over relaxation method is used to
accelerate convergence. The successive over relaxation method can be

expressed as
V(k) = (1-w) V(k_l) +w ¥ (&)

is the components of the kth Gauss-Siedel iteration. The

(k)

where V
factor w, called the acceleration parameter, generally lies in the range
l<w<2, The choice of w determines the rapidity of the convergence, and
the optimal w is related to the size of the matrix A. If w=l, this

method is reduced to the Gauss-Siedel method. 1In this study we use 1.95

as the acceleration parameter.

3.2 Calculation of Impedance

The resistance measured by the electrodes can be calculated by

(23)

]
it
<t

where V is the voltage of the center electrode with respect to the
reference and I is the current per unit length going out from the center
electrode. In two dimensional representation, the current per unit
length is calculated by

I =5 «adl (24)
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5
where J is the current density.

From Eqns. 1 and 2,

=4

T=0 (1)
and E = =W (2)

and knowing the electrical potential at each grid point, the current
density J can be obtained. From Eqns. 23 and 24, the impedance value can

also be calculated.

3.3 Computer Implementation

A computer program "ITERATION" is written in BASIC to first find the
electrical potential at each grid point and then calculate the impedance
measured by the electrodes. A listing of the computer program and the
flowchart are included in Appendices B and C.

The computer program "PLOT" is written in FORTRAN to plot the
equipotential lines. A list of the program "PLOT" and its flowchart are

included in Appendices D and E.

3.3.1 Computer Program "ITERATION"
The program "ITERATION" is written in BASIC to run on the HP9826

desktop minicomputer. The inputs for the program are listed here:

1. location of electrode

2., size of disturbance (inhomogeneous rectangle)

3. location of disturbance

4. conductivity of disturbance

5. acceleration factor w

6. error criterion
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With the inputs listed above, the "ITERATION" program sets up an
operator matrix IOPMAT, where IOPMAT(I,J) is the number of the finite
difference equation for grid point (I,J). Then, it uses the
corresponding equation to iteratively calculate the electrical potential
at each grid point (I,J) until the preset error criterion is satisfied.
In this study, 10"5 is used as the error criterion. Therefore, the
program stops its iteration process when the difference of the electrical
potential at the k+1St iteration and that of the kth iteration is no more
than 10*5 at any grid point, and the electrical potential at each grid
point is obtained. With the electrical potential values known, the
"ITERATION" program thus calculates the impedance as illustrated in Sec.
B2

The outputs of the program are listed here:

1. electrode location

2. disturbance location

3. operator matrix IOPMAT

4, disturbance conductivity

5. iteration number

6. error criterion

7. acceleration factor

8. electrical potential at each grid point

9, dimpedance-unit length

3.3.2 Computer Program "PLOT"

A computer program "PLOT" is written to plot out the equipotential
lines. This program uses the existing plotter software routines at the
Kansas State University Computing Center, and the plots are made by a

Calcomp Model 1051 digital incremental drum plotter.
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The inputs for the program "PLOT" are:
1. electrode locations
2. electrical potential at every grid point
The program "PLOT" takes the electrical potential at each grid point
and plots the contours. The electrode locations are also shown in the

plot.
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IV, Results

The effect of guarding is studied for several different electrode
placements. As shown in Fig. 4.1, an inhomogeneous rectangle with size
4 x 4 units and conductivity 0,01 is centrally located in the system.

The reference electrode is located as shown and the various locations of
the guarded electrode are labeled as A,B,C,D,E. Both guarded and
unguarded cases are simulated.

With the electrical potential at each grid point known from the
simulation result, the equipotential lines are plotted by the Calcomp
plotter. Then the current pathways are plotted by drawing lines
perpendicular to the equipotential lines. For guarded cases, only the
center electrode current pathways are plotted since the center electrode,
not the guard electrode, is the measuring electrode.

The equipotential lines and the current pathways for only cases A, B
and C are plotted since cases D and E are mirror images of cases B and A
respectively, Plots of the equipotential lines are shown in Figs.
4,2-4.7 and the current pathway plots are shown in Figs. 4.8-4.13. The
impedance versus electrode locations plots for guarded and unguarded

cases are shown in Figs. 4,14 and 4.15.
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V. Discussion and Recommendations

With the equipotential line plets and the current pathway plots we
can compare the guarded cases with the unguarded cases. We see that the
current pathways spread out more for unguarded cases (Figs. 4.8, 4.10,
and 4.12) when the measurement field is the entire bounded region. For
guarded cases (Figs. 4.9, 4.l1, and 4.13) the current pathways emanating
from the measuring electrode are more confined, thus giving a more
confined measurement field. A confined measurement field increases the
regional sensitivity of the measurement; therefore, we obtain more
information near the electrodes.

With the inhomogeneous region in the middle of the system and the
reference electrode location fixed as shown in Fig. 4.1 impedance values
are simulated for measuring electrodes at different locations. The
relationship between iﬁpedance and the electrode location is shown by an
impedance versus electrode location plot (Fig., 4.14). We see from this
plot that unguarded measurements do not give any indication as to where
the inhomogeneous region might be located. TFor guarded cases, we see
that location C is close to the inhomogeneous region and the impedance
measurement at location C is large compared with the impedance at
locations B and D. Locations A and E are far away from the inhomogeneous
region, but the impedances at locations A and E are also large compared
with impedances at locations B and D. This can be explained as follows.

The resistance of a piece of material can be expressed as
R=— (25)

where L is the length of the material
A 1s the cross sectional area
o is the conductivity
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where 0 and A are constants. If 0 and A vary along L, the resistance R

can be expressed as

-5
R=/—=dL (26)

From Figs. 4.8-4.13 we see that for cases A and E, L is large compared
with the other cases. These give a large resistance R. For case C, an
inhomogeneous region which has smaller conductivity o, the resistance R
is large. Therefore, a larger impedance measurement does not necessarily
mean the existence of an inhomogeneous region with smaller conductivity
in the neighborhood.

Fig. 4.15 shows the impedance change for different locations of the
measuring electrode. The value of the impedance change is obtained by
subtracting the impedance for the homogeneous case (no inhomogeneous
region in the middle) from the impedance for the inhomogeneous case. The
justification for this approach is to try to cancel out the effect that a
different length L and cross-sectional area A might have on the
impedaﬁce. The impedance difference will then show mainly the effect of
the existence of the inhomogeneous region. As shown in Fig. 4.15, we get
the largest impedance difference from the guarded electrode at location
C. We have a considerably smaller impedance change in the other cases.
This indicates the location of an inhomogeneous region with smaller
conductivity close to location C. We also notice that for the unguarded
cases the impedance change is not pronounced.

From the discussion above, we have the following conclusions:

1. Compared with the unguarded electrode, the guarded electrode
gives a more confined measurement field and a better measure of

regional sensitivity,
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2, There are several factors that affect the impedance reading.
Differential conductivity, cross-sectional area, and length of
the measurement field will all contribute to a change of
impedance. Therefore, a correct interpretation of the
impedance measurement is important.

3. With the impedance of the homogeneous case (system with no
inhomogeneous region) as the reference, the change of impedance
is a good indication of a change of conductivity close to the
electrodes.

In this study, we see the interesting effect that guarding has on
the measurement field and impedance changes. However, the practical
application of detecting an inhomogeneocus region will require further
study. A study of a three-dimensional model with more complicated

geometry will be necessary.
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APPENDIX A, Finite Difference Equatioms

Case l: An interior grid point in a homogeneous region

Vi, 9+1
pm T — e s o = =y
1 )
o !
Ay2~1 | |
: |
4 Vi-1,g 1, V141, 3
< i T £
i e AX,=1 Sl Ax2=1 -]
' a
Ay3=l | |
! |
‘ |
N S |
i,j=1
Y
From Eqn. 14
iy =g v N R g T v, . -v, )]+
Bx; "Bx, Tivh,j " i+l,] 1,3 Mxy i-k,i i, i-1,3
() [p— o (V, iy =V, ) -0 W, -V, . ] =
AYI AYZ i,j+s 1,3+l 1,] 3Y3 i,j=% " i,] i &
where Ax, =

1 ;E(AKZ * Axs)s AY]_ = li (AYZ * ﬂ}73)
with

sz = Ay2 = Ax3 = Ay3 =1

. =15

o , =0 , =0 =g
1+, 1 i-%, ] i,j+% i,3-%

We get the finite difference equation as

+ Vv + Vv ).

Vg VA O 5 Y Ve P V500 T Y50

T4



Case 2: A boundary point

From Eqn. 21

Viv1,17V1,4, 2 Yol Vg, B
g, [[=d=ady g4 (Sio—2idy y) Jen]
1 1

vV, -V, . . . V. =V, . . . .
o F [[(_111___&1)“+ T B S
- sz Ayz

+ -
1
and Axl = L, Ayl =3
~ 1- 1 -
n==-—x=—y
V2 V2
V P V. " ~ V - "V . ~ A A
i » ) !,E 1 i’] .._1. J—1
we have [( £l %‘ ¥—l} x + ( L 178 Y y] o+ (= e X - = 7)
2 2
Y = (V 3/9 .

1,3 141,19 T8 Ve, 441



Case 3: A boundary point

// 7 /;’7// VI,

,/ij%}<; //////;4;/;” :j///

// /Vi,j+ //J//
T

LLy L L 7777 Ll L FLEY

r

v
1 i,1
Ay == ]
178 g
From Eqn. 16.
o, En+ =g En—
with g, = 1, o_=0, we get o, En+ =0.

Approximating En+ by

-~

E, = [-W), - n]

Vi+1,j_vi,j . Vi,j+1“vi,j .
X +
Axl Ayl

and n=-y, by =7

where VV+ =

The finite difference equation is obtained as

Veou ™ Tosn,q*

Case 4: A boundary point at the measuring electrode

For point at the measuring electrode, the electrical potential is

maintained at 10V. Therefore, we have the following equation:



Case 5: A boundary point

\\\::\\\ N
\\\

N
\ \ i,j+1 l
\\‘\\ BN \\ e * by, o
1~1s] l’J
From Eqn. 16
9, En+ = 0_ En_

witho =1, ¢ =0 , we get g, En =0.

n+
I vV,
where YV i,+1 1,] 1, d-1,]
Ay d Ax
1 1
and n =-—£ b's -
V2 Y2

the finite difference equation is obtained as

v = (V + 87V )/9 .

i,] i=-1,j e % et ¢

Case 6: A boundary point

/// /’
vl. //vl+l,3//
L S LTS

Y1,5-1

From Eqn. 16. a, En+ =0_ En—

and here a_ = 0, we get c, En+ =0 .



Approximating En+ by

~

E .= ((-v), * n]

v -V v -V
- i+l 4,3 ° i,j+1 "1, °
where VV_ = ( T X + I5 v)

~

and n = -x

we get Vi,j = Vi+1,j .

Case 7: An interior grid point in a homogeneous region

)
lvi,j+1
[N i
i 1
=L | !
AYZ 8 | ! |
v . [V, . |
11 i-1,j3 l i,j i i+l,]3
AY =§7—_——— —-—LVEJJ-]- _._J
38 « é.x3=l —é&— Ax = -
2
From Eqn. 14
1 1 1
@) g e T3 T B Ty YLy
() [ o V, oV, ) == O W, =V, . ;)
By,” By, Ci.3#s 4,541 1,3 By “1,3-% 4,17 1,31
= = 3
where Axl %(Ax2+6x3), &yl ﬂ(Ay2+ AYS)
and
sz = Axs =1, by, = 7/8 , by, = 1/8 ,
I I I e S A
we obtain
= 7
vi,j (?Vi+l,j + 7Vi-l,j + 16Vi,j+l + llgVi’j_l)/IQZ 5



Case 8: An interior grid point in a homogeneous region

Vi 41
A P
l - F"— Akz—s
o L |
|
l
\L Lvl ']-::I Vis] Lvi+13j
1€ 7 N
Ay ==¥ —_— =T -
Y38 ¥ q=1
- A'x3= -
From Eqn. 14
() g o (Vg 4=V ) = O (v, =V
bx, sz 1+, ¥ i+1,1 1,3 Ax3 i-%,7 ' 1,5 i-1,j
() = o v N, ) sy o e (Ve W
Ayl AYZ isj"';ﬁ i!j"']- i,j 5Y3 1,]=% i,J i,:]-l

= 1 =
where Ax ﬁ(AX2+AX3) ; Ayl %(Ay2+ﬂy3),

1
and
Cri+¥§,3 B Ul—ﬁ,J Cri,j+¥§ =%, Lo
we obtain
Vi,j = (56Vi+1,j + TVi-l,j + 9Vi,j+l + 63Vi’j_l)/135.

Case 9: An interior grid point in a homogeneous region

i,j+1

l'""'l?

Ax3 -
|| Ay,

| i

|

v. L V.

i-1,3 jib3y
L4J Y,

e

sz

)]+



From Eqn. 14

1.1 1
&) B Ooneg Vae, 57,50 T B %y UiV 0
1

1. 1 )
&) By, Ot Vagnay) T Eyg Sy a0l

where Ax

I

= = 1
1 %(AKZ+AX3) 3 A}Tl Z(AY2+AY3) »

and

7
:AY2=§' H

1]
o]

sz = AYB Ax3
o , = O, ., =0 =g, , =1,
i+k, ] i~ ] i,j+s i,j=%

the finite difference equation is obtained as

v, , = [28V + 28V

3 7V ) /64 .

i+l g1, F Vi, 500 T TV 00

Case 10: An interior grid point in a homogeneous region

i,j+1
rt——==——— m ’[‘
1 | F 4x,=1 -
AR =~ — =
38 =L
! by
v, ‘ . :
i-1,4 ¢ 1'i3 oy )
Lochiny o2 - =i
V s
IR PR
8
From Eqn. 14
I o V. V. ) -0 (V, =V, . O]+
Bx; ‘B, Civlg,d Ca4l,371,10 T By Tiek,g 4,37 i-1.3

1.1
TP Wy, Onges Va0V, " 3y a5 Ta7le,5-0)

=1 —]
where Axl f(Ax2+Ax3) s Ayl ﬁ(Ay2+&y3)



the finite difference equation is obtained as

Ved = PVen,9 * 9o 5 ¥ Ty gep + 09V 407135

Case 1l: A boundary point

and with o_ = 0, we get En+ = 0.
Approximating En+ by

E, = [(-W), * n]

V .-v. 4 -~ vl !”V £
i,j i-1,j . i,i "i,3-1

where VV+ = - + Ay
and n = x
we get V =V

i,j i_l,j.

Case 12: An interior grid point in a homogeneous region

A T
i |
Ayo=1 | i
Yo
l i
i [Vi-1,j ¥ 4 1 V441, 4
T !
7 &—-Ax3=l — Ax2= —3
[ |
Vol e e — e e e
Yy 41



From Eqn. l4

1 1 1
T E Cewny Tty T B Oty T
=) [ o V, .V, ) -——0 v, V., . )]=0
By,” "By, 1,3+ " i,3+1 4,3 Ayy "i,3-% 1,3 .31

= = 1
where Axl %(Ax2+Ax3) y Ayl f(Ay2+Ay3) ,
and

- - - -
sz = Ax3 = Ay2 =1, Ay3 3

E

G, =qg,, ,=0, ,, =0, |,
i+, j i-1,4 i,j+% 1,]=% *

the finite difference equation is obtained as

+ 128V Y /450 .

v, . = (105V + 105V + L2V, G £,4-1

i,3 i+1,] i-1,j3

Case 13: An interior grid point in a homogeneous region

Vi,5+1
tr-- T
| |
A —1l |
Y= L
! V. LV, . .
Vi Vio,g 133415
T o ke axmd
e Ax =1 28
Ay =z- 3 I
3 BI !
P |
e
Vyoyet
From Eqn. 14
oy e m O, . #0, ) =seg W, V. . )]+
Axl sz i+, ] i+l,i 1i,] 5X3 i-%,j i,j i-1,]
) ot O, oo ) =i g (v, .-V ] =0
Ayl AYZ i!j"'% i’j+l i,] AY3 1’.]";5 1,3 i’J-l



A-10

_ = 1
where Axl = %(Ax2+Ax3) 5 Ayl 1(ﬂy2+Ay3)
and

! - - i
sz = g‘,AXB 1, Ayz =1 ,AyB 3

Oi4i,1 = %1151 T Ti,44% T O1,3-%

the finite difference equation is obtained as

v, . = (280V

1,3 41,9 ¢ 35V, 1 4 * 2LV, + 26V )/360 .

1,3 i, j+1 i,j-1

Case l4: An interior grid point in a homogeneous region

Vi,9+1
T
|
X | ! Ay2=l
L8 =
Ax3 8"“1 I
V. .IV. 1, !
ﬁ[l-_ldju_ﬁq_
: ’ Vi1, 3
Ay .= 1
38 I[-u ]]t-sz-S
v Ly
Yi,5-1
From Eqn. 14
iy = V., . V. ) -0 V, V. . )]+
bx)” “hx, “1h,) Ti*l,i i,] Bxy i-b,j 1,3 i1,
(L) [—1—6 (v -V )—-—1—-0 (v, .-V Y] =0
by,” 4y, i,j+ *1,j+1 1, Ay 5 i.=% “'4,j i,i-1

= = 1
where &xl l5(11‘.x2+:’.\x3) . Ayl ‘§(Ay2+é\y3)

ag, ., = a, = ag, . =0, , ’
i+, i i-3, ] i,3+% i,j-%

the finite difference equation is obtained as

vi,j = (420Vi+1,j + 420Vi_l’j + 7Vi,j+1 + 8Vi,j_1)/855‘_



Case 15: An interior grid point in a homogeneous region

i,j+1
1 e = e ey T
== 1
AxB 8—1 — |
i Ay ,=1
l i 2
!
Yi-1,3 V1,3 Vi3],
+ 1+
! 0
l i il
, ! 49573
! :
I
0 4
Vi,3-1
From Eqn. 14
1 1 1
& T, T4, Vie1,57V,1) " By Oat1 Y1,57Vi1,4

1

1 1 1
(EE;J [EEE 9,44 Vi, g4V

=1 = 1
where Ax1 1(Ax2+ﬂx3) 4 Ayl 1(Ay2+éy3)

Ti4d,5 T T1t,3 T a9 T Ti,9-% 0

the finite difference equation obtained is

Vv, ., = (35Vi+

.+ 280V,
1,] 1,] i-

+ 21V, . + 24V
i

1,j »j+l i,d

Case 16: An interior grid point in a homogeneous region

*Vi,j+1
il St 00
) |
| |
| Ay2=l :
|
|
Yie,a ] Via) Vg
[ } I
I
S
1 i {
L — _‘k _.i_']..._..l-ﬂ-..i 1
- Ax2=-~
e ﬁx3=l ..§1 8

isj) - AY3 i:j-;i 1,] Vi:j—l)

_1) /360 .
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From Eqn. l4

1 1 1
(Axl [sz Yt Vewr Vi = 8%, SRR P
Gy [ o O, (¥, ) - W, v, , )] =
AYI Ayz i:j+% isj+l i,j AYS i:j“% isj irj_l

- = 1
where Axl = l5([\:c2+1.\x3) , Ayl »5(Ay2+Ay3)

Tiwg,3 T ik, T T1,34 T Y1,3-% 0
1 -— — -
and sz—-s-,Ax:,’—l,Ayz—l,Ays—l:
the finite difference equation is obtained as

9V y/162 .

V:L,j = (128v1+1,j + 16Vi—1,j +

1,4+1 7 Vi, 4-1
Case 17: An interior grid point in a homogeneous region
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Ay,=1 | k- bx,=7
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L
L
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From Eqn. 14 )
(L) [—1 o (v =V, .) i g (v, .-V
Bx” “hx, i¥lg,j i+l 4] bxy i-k,) 4,37 11,3
(-—-1—--) P—Lo (v -v )——l—c (v, .=V )1 =0
Ayl AYZ i’j+% i’j+1 i!j AYB isj-% i:j i:j_l
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where Axl = l5(.‘2'.x2+1£\x3) , Ayl «5_(Ay2+tly3)

Oia,5 7 T1adg,5 T 1,54 T 91,504

1
and sz-Ax3—§,Ay2—Ay3— 1,

)1+

)]+
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the finite difference equation is obtained as

Vv, ., = (64Vi+ + 64V

; .+ V
1] 1,] i-1,j3 i,j+1

A-13

+ Vi,j-l}/130'

Case 18: An interior grid point in a homogeneous region
%zj+l _
ST f
} l
[ |
| | Ay2~1
l
PR L L,
1_1’31 1,] 1 -1+1,jJ£
1 i J
e
%473 |
[ k— Ax2=l —
I I Ay,=1
| |
Lodio e i | )
V1,j—l
From Eqn. 14
1 1 1
(E':Ic'l') [Ax2 Outys Vie1,371,90 " E;;Gi-%,:[ Vg1V,
(=) [0 (V, (=¥, ) -0 W, =V, , )1 =0
Ay " Chy, Ti.3¥s 4,3+l 4,3 byy 1,3-% 0143 1,3-1
=1 =
where Axl ﬁ(Ax2+Ax3) % &yl %(Ay2+Ay3) 5
Tk, g T Ti-,3 T 1,945 T %45k
d dx, =1 Ax, = e A = A =1
an 2 ] 3 8 ] yz YB = b
the finite difference equation obtained is
= 4
Vi,j (16 Vi+1,j + lksvi—l,j + 9Vi,j+l + 9Vi,j-l)/162 5



Case 19: An interior grid point at discontinuity of conductivity

Vi,j+1

v/

V. , v, .
i+1,] i,3 ////j::vl+l,J

i,3-1

From Eqns. 16, 17 and 18 we have
o, [(-WV), + 8] = o_ [(-7V)_ - ],

Approximating VV+ by

v -V
i+l,] 1,3 i,j+1 i,]
A & + ¥ >
+ Axl Ayl
approximating VV_ by
Vi,9 7 Vio1, V1,0 7 V4,91
Vv = &+ ¥ .
= sz ayz

and with 0 = C, o_ = 1, x| = 8x, = &y, = &y, =

Al B e B o e
V2 V2

the finite difference equation obtained is

vV, ., =(CV

1,3 i1, ¥ Vied,q YO Ve Y Vg1

)/ (2C+2) .
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Case 20: An interior grid point at discontinuity of conductivity

s S

/iy 54/
T v /:a /! /
e

NI
////4{4///////

v $Vi 4-1

From Eqns. 16, 17, and 18 we have

o, [(-WV), « A] = o_ [(-9V)_ - 4] .

Here, with 0+ =C, 0 =1 and 4 = =¥, the above equation can be

approxmiated by

r‘i9j+l - vi’j o [Vi’j - Visj"'l

= Ayl Ayz

for Ayl = Ayz = 1, the finite difference equation is obtained as

v, ., =V

1,3 1,941 ¥ Vi, g1 ((CHL)

Case 21: An interior grid point at the discontinuity of conductivity.

A-15



A~-16

From Eqns. 16, 17, and 18, we have

o, [(-"V), + a] = o_ [(-WV)_ -« 4] .

Approximating VV+ by

Y10 T Va1, Vaager T Ve

W, o= Ly,
+ Axl Ayl
approximating VV_ by
G w Vie1,5 “ Va9 . 0 Va9 7 Ve, -1
= z + 5}
- sz Ay2

and with qe = C, o =1, Axl = sz = AYl = AYZ =1,

and i =

the finite difference equation obtained is
= (V
Yi,0 7 Oaang * € Vg5 % Yy, 501+ C Vg, 50/ (204D

Case 22: An interior grid point at the discontinuity of conductivity

Viel, g Vi3

Vi 3 J-l




A-17

From Eqns. 16, 17, and 18, we have
o, [(-W), » &] = o_ [(-VV)_ - 4] .

Here, with o,=¢C,0_= 1 and i = -%, the above equation can be
approximated by

v , =V v -V, ,
¢ i+1,7 i,j] =i | 1,j 1—1,31
ﬁxl sz :

For ﬂxl = sz = 1, the finite difference equation is obtained as

g5 = C Vg 5+ V) /D)

Case 23: An interior grid point at the discontinuity of conductivity.

w1
vy,
i-1, //i‘vi,j Vi41, 5

P ﬂxl —_—

77

/// //L i,j+1

Vi,9-1

From Eqns., 16, 17, and 18, we have
o, [(-VV), + A] = o_ [(-WV)_ - 4] ,
with o,=¢C, g_-= 1l and t = &, the above equation can be approximated by

. Vi, ~ Vi-1,g _ Vie,1 7 V1,
[ 1 = e 1.
1 2




Here, Axl = sz = 1, the finite difference equation is obtained as

PR CR AR AR VICEE

Case 24: An interior grid point at the discontinuity of conductivity.

p V1, 141

Ayz
U-

A= e Vit

'i bx, —)g-/- asxlj'/l-;
Ayl //// /C

%
| Y 3-u S S

From Eqns. 16, 17, and 18, we have
o, {(—VV)+ « A] = a_ [-(W)_ + 4]

Approximating VV+ by

\Y i =V Vi, o=V, ,
W = i+l,] i,] 2 4+ L] i,j-1 g
+ Ax Ay ’
1 1
approximating VV_ by
Vo u =V o Vo auy = ¥y «
W = 11 i-1,] 2 + i,j+1 i,7 9
- ]
sz Ay2

and with ¢_=C, o_ =1, Axl = sz = Ayl - &Yz =1,

and i = -

A -
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the finite difference equation obtained is

i = (V

1,3 i-1,§ ¥ Vi,941 * €

Vie1,4 * © vi,j_l)/(zc+2).

Case 25: An interior grid point at the discomtinuity of conductivity.

//////” 7

From Eqns. 16, 17, and 18, we have
o, [(-W), + 8] = o_ [(-W)_ - 4],

with g, - C, g =1, and § = ¥, the above equation can be approximated by

, =V, v v

i,9+1 i,j]
Ayz ‘

Here Ayl = Ayz = 1, the finite difference equation is obtained as

Vi, = Vg, a1 * €V 570D

Case 26: An interior grid point at the dicsontinuity of conductivity.

3V

1,j+1

Vit1,3




A-20

From Eqn, 16, 17, and 18, we have

o, [(-79), « &] = o_ [(-WV)_ - 4] .

Approximating VV+ by

_— Vier,3 = V4,3 - Ve e ” Ve g
+ Ax Ay ¥
1 L
approximating VV_ by
S Ml 5 V% SR 5 T 1. I
- = A 7 y
XZ AYZ

and with ¢ _=1, 0_ =G, Axl = sz = Ayl = Ayz =1

and &4 = £+

L
/2
the finite difference equation is obtained as

Vig T € Vinn,g * Vier,g Vg e PO Yy, 50 0200
Case 27: A boundary point.

g =0 Vl+1 3 J

/////

%

From Eqns. 16, 17, and 18, we have

Vi, 3-1

o, [(-7V), + &] = o_ [(-7V)_ - 4] .

Here g, = 1 and o_ = 0; thus we get
o, [(-7V), + 8] = 0.
Approximating VV_ by
v, . =V, . v, -V, .
W o= ( i+l,] 1,3) 2+ ( i,] i,J-l) 9,

+ Ax



and with Ax = Ay = 1, fi = o i+ -l-y,
V2 V2

the finite difference equation is obtained as

Vii = Uger,g ¥ Vq,4-0072
Case 28: A boundary point.

o_=0

From Equs. 16, 17, and 18, we have

o, [(-7V), + 8] = o_ [(-WV)_ « 4],

with Y & 0, we have

[(-7v), « 4] = 0.

Approximating VV+ by
v -V 1) -V
- i+l,] i,] . i,]j i,i=-1 .
VV+ = { AX X+ &Y Y] s

here fi = ¥, the finite difference equation is obtained as

V., 4 2 ¥, .
1,1 l,J-l ’

Case 29: A point at the reference electrode.

For point at the reference electrode, the finite different equatin is:

vi,j =0

Case 30: A boundary point.
v, : V. . g

1]
o

A=21



From Eqns. 16, 17, and 18, we have

a, [(—VV)+ * 4] = o_ [(-VV)_ .« 4]
with g_= 0, we get
o, [(—VV+) + i] =0
Approximating VV+ by
W o= [Vi,j i-1,3 5 vl,,] ¥1,4-1 51
+ Ax Ay
< 1 1
and with &x = Ay =1, A = — % + — ¢,
V2 V2

the finite difference equation is obtained as

vi,j = (vinl,j + Vi’j_l)fz .

Case 31: An interior grid point at the discontinuty of conductivity.

4

T

. ]'_"'I_,i 1,] Z. l+1,]

v

From Eqns. 16, 17, and 18, we have

)

A-22

o, [(-7), - A] = o_ [(-W)_ -« 4] ,
with o, =0C, 0_=1and fi = -, the above equation can be approximated by
v -V v -V
i+1,] i, i, i-1,]
c I ] ,'L] = [ h| 1 J]

Axl Ax
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Here Axl = %y sz = |, The finite difference equation is obtained as

Vi = (g4 +8C YV, )/(1480) .

Case 32: An interior grid point at the discontinuity of conductivity.

///

////M,J
47

Y

From Eqns. 16, 17, and 18, we have

o, [(-W)_ » 4] =0 [(-WV)_ « 4],
with g = C, o_=1, and i = -&, the above equation can be approximated

by

. [vi+l,j Vi,j] - [vi,j B Vi—l,j].

Axl sz
Here Axl =1, axz = éu The finite difference equation is obtained as
Vi, = € Vap,q * 8 V5,280

Case 33: An interior grid point at the discontinuity of conductivity.

7/
////

l lsJ/ :l J Vi+1sj

7
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From Eqns. 16, 17, and 18, we have
o, [(-V), « 8] = o_ [(-<WV)_ + 4],

with o, = l and 0_ = C and A = &, the above equation can be approximated

by
Axl sz
Here Axl = %3 sz = 1. The finite difference equation is obtained as
Vg ™ 18 Vg g #OT, y P10 .

Case 34: An interior grid point at the discontinuity of conductivity

/

//
//// '
; V., ;
//(1 Vis] =l+1 s ]

//

From Eqns. 16, 17, and 18, we have

o, [(-70), - ]

o_ {(=Tv)_ + 4] .

With o, = l, o_ =C and i = &, the above equation can be approximated by

[Vi+l:j - Vili] = C [Visj - Vi“laj]
Ax Ax :
1 2
Here Axl =1, sz = %. The finite difference equation is obtained as
v = (v, , ,+8V )/ (1+8C) .

i,j i+l,] i-1,7



Case 35: An interior grid point at the discontinuity of conductivity.

Vi, 341

V////
////

‘LL-l,j Vi,jﬁ/ 1+1,1 /4

Vi,3-1

From Eqns. 16, 17, and 18, we have
o, [(-VV), + 4] = o_ [(-7)_ » 4] ,

Approximating VV_ by

W = Yivt 4 = Vi 5 Ve, 5e17V1,4 5
+ Ax Ay ?
1 1
approximating VV_ by
vV, . -V, v -V, .
W_ = i’l z 1 1Dj & + i)j = isJ-l ? ,
2 Y2
1
and with Axl =3 Ayl =1, axz =1, AY2 =1,
o,=C,o_=landfi=-—S8-—9,
V2 Yz
the finite difference equation is obtained as
V., . = (8CV +CV + V +V

i,] i+l,] i,j+1 i-1,j i,j=1

) /(9C+2) |
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Case 36: An interior grid point at the discontinuity of conductivity.

Vi-1,1]V4,3

<

4 isj"'l

From Eqns. 16, 17, and i8, we have
o, [(-TN), + 4] = o_ [(-TV)_ + 4]

Approximating VV+ by

SR % M O PR T el 3
+ Axl Ayl *
approximating VV_ by
ov w okt~ Abed o VHd ” Viggei
= +
- &xz Ayz 2

1
and with 0= C, o =1, Ax, =1, Ax, = B Ayl = Ayz = 1

and i = -

+ 8 Vi s_p/(ac+9) .

v, + V,
i-1,] 3.4
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Case 37: An interior grid point at the discontinuity of conductivity.

Vi, 441

//}J/
S

7
1.5

1
—

....g_ B mRcE e

Vi-1, 141, 1

e
-

r—— =
o4
L

i,i-1

From Eqns. 16, 17, and 18, we have
g, [(--VV)+ * A] =o_ [(-WV)_ - d].

Approximating VV+ by

v -V
i+l,3 i,j i,j+1 i,j

W= — % + $,

+ Axl Ayl

approximating VV_ by
R TS AL TS B 7% IS
w_ = Ax * Ay LA
2 Z
dwitho, =C, 0 =1, Ax, = Ax, = A A A 1
and wit e L 0= 4, Xl = XZ =g yl = Yz = ’
and fi = g % - —l-ﬁ
V2 2

the finite difference equation obtained is

Vig " (8C Vier,§ * C Vi,j+l + 8 Vi—l,j + Vi,j—l)/(gc+9)'
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Case 38: An interior grid point at the discontinuity of conductivity.

v
171,541

Yie1,5 1,3) Vit

From Eqns. 16, 17, and 18, we have
o, [(-<7V), + 4] =o_ [(-9V)_ - 4]

Approximating VV+ by

Vier, s "V, 0 0 Va5 T V90
Wy = A L A ¥
| 71
‘approximating VV_ by
Vi~ i-1,1 i,3+1 '1,1
W - JJ 3 2 + !J 3 A
- sz Ayz ’

- - - - - -
and with ¢_ = C, o_ =1, Axl 3’ Ayl sz a4y, L,

and i = -

the finite difference equation obtained is

X = i #
7,0 T Wiy * Taygen * 80 Vi g ¥ Oy 50002



Case 39: An interior grid point at the discontinuity of conductivity.

Vi, 4+

i-1,5 |"1,3 141, ]
/ - //
//ﬁ;i:;::
v 7 7
From Eqns. 16, 17, and 18, we have
o, [(-7V), + 4] = o_ [(-7V)_ « 4]
Approximating VV+ by
W= v:L+l,j - Vi,j 2+ vi,j - Vi,j“l 9
+ Axl Ayl ’
approximating VV_ by
Ve “Va-1,4 . Vager 7 Ve
w_ = + 7,
- sz Ayz

1
and with 0 =C, 0_ = L, Axl =1, sz =3 ayl = ayz =1,

and i = -

the finite difference equation obtained is

v = (8 + C

1,3 Vi—l,j + vi,j+l cVv ._1)/(2C+9).

Vier,; * € Vi,;
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Case 40: An interior grid point at the discontinuity of conductivity.

"Vi,j+l

vV, .
153
T )
vi+1,j L i+l,]
A
+./

7

11,54

From Eqns. 16, 17, and 18, we have
o, [(<¥V), + 4] = o_ [(=WV)_ - d] .

approximating VV+ by

3 V0 T V% IR 5 Bl 9% 5
+ Ax1 Ayl ?
Approximating VV_ by
vV, . -V, ¥, - 4
W i l,] 1_1,j i + 1,J+1 i,J ? ,
- sz ﬁ\y2

and with o =C, o_ =1, Ax =Ax2=-é-, by, =8y, =1,

and i = -

the finite difference equation is obtained as

Vaod = B Yy ga ¥V g 80 Vyyg g ® 8 ¥y, g 920090400



Case 41l: An interior grid point at the discontinuity of conductivity.

// U///.Vi,jﬂ

1 visj_l

From Eqns. 16, 17, and 18, we have
a, [(—VV)+ « fi] = o_ [(-VV)_ - A]
Approximating VV+ by

v v, -V

A . =V, ;
VV+ - i+l,ix 1’i-i " i,j . i,j=1 . i
1 71
approximating VV_ by
Vi T ey T T
G Ax & & y
2 Y2
d with o0, = 1 =C, A = E A = A = A =1
and wit + o 3 U- = s Xl g Yl - X2 = YZ = s
ﬁ = _1 2 - -.....]..'.. ¥ ,
/2 V2

the finite difference equation obtained is

vi,j = 4E vi—l,j * i,i+1 i+l,] > S [

cvVv + 8V + V Y/ (2C+9) .
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Case 42: An interior grid point at the discontinuity of conductivity.

2/ a4

i,j-1

From Eqns. 16, 17, and 18, we have

o, [(=7V), « A] = o_ [(-WV)_ - 4],

Approximating VV+ by

v, s ‘ =V,
VV+ - l+l,ix 1,1 B i,] i,j-1 5,

approximating VV_ by

the finite difference equation is obtained as

V., .= (8CV, , +C

1.3 firel 5 Vigger T Vaen,g t Vi’j_l)/(9c+2)
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Case 43: An interior grid point at the discontinuity of conductivity.

A4 Ve, a1
i
/)

/s
///
v, .
Ve ‘1,3

Va1 | Vil

Tvi,j—l

From Eqns. 16, 17, and 18-, we have
o, [(-<W), + 4] = o_ [(-9V)_ - 4].

Approximating W+ by

-V
_ Vi+1’j i’j 5
+ Ax

Vv

approximating VV_ by

v -V, ; N -V, .
YW = i’j l-lg— # + 1’J+l i’J S}
- Ax Ayz H]

1}
et
-
Q
|
(@]
o
H
—

il
=g
o

N
il
CD] —
-

=

=]
—

I

=
<
[3%]

[

—

and with o,

and fi =

the finite difference equation is obtained as

Vi,j = (8C Vi-l,j +C Vi,j+l + 8 Vi+1,j + Vi,j-l)/<9c+9) .
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Case 44: An interior grid point at the discontinuity of conductivity.

] Vi,j+l

O" .
+

i-1,] i,] N i+l,]

Vi, 4-1

From Eqns. 16, 17, and 18, we have
o, [(-7V), + 4] = o_ [(-WV)_ - 4] .

Approxiamting VV+ by

V., . =V, . v, , -V, |
W o= i+1,3 i, 2+ i,4+1 1,] 3
3
+ Axl Ayl
approximating VV_ by
v -V ; -V,
v = _tad i-1,3 5 . _1.] i,j-1 .
- sz Ayz P

. _ _ & _ _
and with o, = 1, o =¢(, Axl =3 Ayl = sz = Ayz =

and A =

+ CV

1,5 © 1,9 T Ve, 501 € Vi, 1,310 7(26+9) o
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Case 45: An interior grid point at the discontinuity of conductivity.

V1,541

. . ;. V. .
_1!.‘._1 i,] 1+lsJ

From Eqns. 16, 17, and 18, we have
g, [(-VV), + ] = o_ [(-VV)_ - 4],

Approximating VV+ by

W = Via1,1 7 V4, & o Yi,5¢1 = Vi3 5
+ Axl Ayl
approximating VV_ by
Ve T Vi Yo ™ Va1,
wW_ = R+ T
- sz Ay2

the finite difference equation obtained is

Vi,j = (Vi+l,j * Vi,j+l + 8C vi—l,j + C Vi,j—l)/(gc+2) .



Flowchart of Program "ITERATION"

(START)

INPUT ELECTRODES LOCATION AND
PRINT ELECTRODES LOCATION

INPUT DISTURBANCE SIZE AND
PRINT DISTURBANCE SIZE

INPUT DISTURBANCE LOCATION AND
PRINT DISTURBANCE LOCATION

Y

[INPUT DISTURBANCE CONDUCTIVITY]

/
lINPUT ERROR CRITERION]

[INPUT ACCELERATION FACTOR|

N
CHANGE (X,Y) COORDINATES
TO (I,J) COORDINATES

A4
SET UP OPERATOR MATRIX

!




TES

MEASURING

ELECTRODE

GUARDED
?

NO

SOME CHANGE OF OPERATOR
MATRIX

PRINT OUT OPERATOR
MATRIX

ASSIGN INITIAL GUESS OF ELECTRICAL POTENTIA
FOR EACH GRID POINT

5
ITERATION PROCESS

USE THE CORRESPONDING FINITE DIFFERENCE
4 EQUATION TO CALCULATE ELECTRICAL POTENTIAL
| AT EACH GRID POINT

ERROR

NO CRITERION

SATISFIED
2

| CALCULATION OF
IMPEDANCE

)
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y

QUTPUT DISTURBANCE CONDUCTIVITY

W
OUTPUT ITERATION NUMBER

-
OUTPUT ACCELERATION FACTOR|

CUTPUT ELECTRICAL POTENTIAL
EVERY GRID POINT

OUTPUT IMPEDANCE

N4
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Appendix D. Sample of Computer Printout

ELECTRODES LOCATION

IGUARD= 10 IREF= 10
SIZE OF DISTURBANCE

IXDIS= 4 IYDIS= 4
LOCATION OF DISTURRANCE

IX157= ? IY1ST= 4

QUTPUT OF OPERATOR MATRIX
2 é -] -] é - & -] -] 4 & 27
3 12 1 1 1 1 1 1 1 1 28

4

3 7 12 1 1 1 1 1 1 1 1 <8
7
7

J 12 1 1 1 1 1 1 1 1 28
3 12 1} 1 1 i 1 1 1 1 28
3 7 12 1 1 1 1 1 1 1 1 28
3 7 12 1 1 1 1 1 1 1 1 28
3 12 1 1 1 1 1 1 1 1 28
3 7 12 1 19 22 22 22 24 1 1 28
4 8 13 16 20 14 16 1& 25 14 146 29
4 9 14 17 20 17 17 17 25 17 17 29
4 @ 14 17 2 17 17 17 25 17 17 29
3 9 14 17 20 17 17 17 2 17 17 29
4 ? 14 17 20 17 7 17 25 17 17 2%
4 ? 14 17 2 17 17 17 2% 17 17 29
4 ? 14 17 2 i7 17 7 25 17 17 2°9
4 e 14 17 20 17 17 117 25 17 172 2

4 ? 14 17 20 17 17 17 25 17 17 129
4 ? 14 17 20 17 7 17 25 17 17 29
4 ? 14 t7 20 17 17 17 25 17 17 2

4 9 14 17 20 117 17 7 2% 17 17 29
4 g 14 17 2 17 17 17 2 L\7 17 29
3 g 14 17 20 17 17 1?2 25 17 17 29
4 ? 14 17 20 17 17 7 25 17 17 29
4 ? 14 17 20 17 17 17 25 17 & 29
4 to 15 18 20 18 18 18 2% 18 18 1I%

23 23 23 26 1 1 28

d
~
-
)
—
3
Py

L

11 11 11 11 1 1t 11 tt 11 11 30
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Flowchart for program "“PLOT"

( START)

v2(Tr,d),v3(I,J),EQPOT(C)

y
FPECIFY DIMENSIONS OF V(I,J),Vi1(I,Jd)

INPUT VOLTAGE VALUE AT EVERY
GRID POINT V(I,J)

A

ASSIGN VALUES TO V1(I,J) FOR POINTS TO
THE LEFT OF THE GUARD ELECTRODE

ASSIGN VALUES

THE SAME COLUMM AS THE GUARD ELECTRODE

TO v2(I,J) FOR POINTS AT

V]

ASSIGN VALUES TO V3(I,J) FOR POINTS TO
THE RIGHT OF THE GUARD ELECTRODE

CREATE EQUIPOTENTIAL DATA

INITIALIZE
THE

THE PLOT FILE AND PLOT
BOUNDARIES

M

lpLOT

ELECTRODES

E}or THE

EQUTPOTENTIAL LINES|

[CLOSE

THE PLOT FILE
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Appendix F. List of Program PLOT

DIMENSION VI (7,11),v20L7,11),v3013,11).V(235,11),EQPOT(39)

* = % ¥ % % * % & ¥ %
READ ELECTRICAL POIENTIAL VALUES VI(IsJ) =
*x b i = x 3 * * - x ®

READ({S5,30) (IVI14d)el=1,25),u=1,11)

FORMATI(FT.4%)

DO 40 J=1,11

DU 50 I=1,7
VI{TIrJdI=VI1d)

CONTINUE

CONTINUE

DO 60 Jd=1,11

00 70 I=1,17
V2{1,J1=VI1+6,4J)

CONT INUE

CONTINUE

DO 80 J=1,11

DO 90 [=1,13 ,
V3(1,J)=Vv(L+22,J)

CONT T NUE

CONTINUE

*= * x x % - *x =

CREATE EQUAL POTENTIAL DATA =

® *® * * LS x *x =

READIS5,95) (EQPOTIK},K=1,39)
FORMATI(FS5.2)

3 *x ¥x x = *x = * =

INITIALIZE THE PLOT FILE AND #

PLOT THE BOUNDARIES =

* * % * % 2 * * x

CALL PLOTS

CALL PLOT(2.492.+:23)
CALL PLOTI10.:0. 2}
CALL PLOT(Qes5..2)
CALL PLOT(Qs+0e42)

e * * * * # * *
PLOT GUARD ELECTRUDE AND =
REFERENCE ELECTRODE %

= * = » ® = %
CALL PLOTI(3.25,-0.0Q25,3)
CALL PLOT{3.75+=0.025:2)
CALL PLOT{445:+5.025,3)
CALL PLUT{S5.5,5.025,2)

¥ 3 b *x w
PLOUT THE CCOCNTQUR
¥ ® * X & *

CALL COMTURIVY 7411 ,EQPCT+29,3¢,5.)
CALL PLOT(2.0+0.,23)
CALL CONTURIV2,1T7,11,EQPDT,39,1.:5.)



a0

CALL PLOT(1.,2.,2
CALL CONTUR(V3, 13
%

* * % *
CLOSE THE PLDT FILE
* # % * ®
CALL PLOT{(0.,0.,999)
STQP

END

*

EOPIT, 38 5B 95w )
*

¥
*
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Abstract

This research concerns the numerical simulation of the electrical
impedance variations and improved regional sensitivity through the use of
guarded electrodes.

The approach involves calculating measurements on guarded and
unguarded electrodes, using homogeneous and inhomogeneous regions, in a
media having two dimensional rectangular geometry.

Using a numerical approximation for the potential equation and the
Gauss-Siedel iteration method, the electrical potentials at each point on
a grid system are found. Then, impedance measurements are calculated,
and equipotential lines and current pathways are plotted.

With the equipotential line plots and the current pathway plots the
guarded cases are compared with the unguarded cases. The conclusions are
expressed as follows. The guarded electrode gives a more confined field
and a better measure of regional sensitivity when a proper reference is
used. The unguarded electrode gives no indication of the existence

and/or location of the inhomogeneous region.



