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ABSTRACT

M*lThis thesis presents a comparison of three Magnetic

Anomaly Detection (MAD) models: a cross-correlation

detection model, a square law detection model, and a model

§$ referred to as the OPTEVFOR detection model. FORTRAN and
,ﬁ% BASIC programs for the three detection models ara included
%f' in this thesis. The programs yield detection probabilities
,%% fof straight line encounters. Magnetic¢ signal values for
-iﬁ the straight line encounters are an additional output.

Plots of lateral range curves and magnetic signal values are
presented. A discussion of the required parameters is
. included in the thesis to facilitate the use of the
programs., The parameters that were considered in the
comparison of the three detection models are: magnetic
noigse, aircraft and submarine headinga, submarine
displacement, and the vertical separation between submarine

and aircraft.
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I. INTRODUCTION

- This thesis presents a comparison of three Magnetic
Anomaly Detection (MAD) models. The comparison is in terms
of probabilities of detection that were computed using the
models. Two of the models, the cross-correlation model and
the square law model, have been used to model sonar
detection [Ref. 1: pp. 343-357]. The third model, referred
to as the OPTEVIFOR model, is a slant range threshold
detection model. The results of the comparisons are
presented in graphical and tabular form. 1In addition, plots
of magnetic signals for selected lateral ranges and noise

. levels are shown. The aeffects of noilse, aircraft and

| submarine headings, submarine displacement, and vertical
separation are also indicated.

The models were implemented using the FORTRAN and BASIC
programs1 that are listed in Appendix A. For those
interested in using the programs for other investigations,
an input parameter discussion is provided in Chapter 3. To
use the FORTRAN program, the user specifies the input
parameters in an input file. After execution of the

program, an output file 1s generated that contains

Ithe programs are based on an unpublished BASIC program
by R.N. Forrest for an H.P.- 85 microcomputer. g
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probabilities of detection for each of the three models. 1In
addition, magnetic signal values and magnetic signal values
plus random magnetic noise values for one of the encounters
ﬁb - generated by the program are included in the output file.
3! An IBM GRAFSTAT graphical package was used to produce the
graphics in this thesis.

To use the BASIC program, the user must interactively
enter the input parameter values for each encounter. After
execution of the program, an optional hardcopy printout
2 supplies the input parameter values and a table of detection
probabilities for each of the three models (see Appendix A).
Following this, lateral range curves are displayed to the
> user for immediate observation. A typical program run
i . producing 21 detection probabilities for each model requires

approximately 10 minutes of computing time on an Atari 800

microcomputer.
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the limiting detection capability for an automatic system
that does not use information about the shape of the

magnetic signal.

B. OPTEVFOR MAD DETECTION MODEL

The OPTEVFOR model is described by Forrest [Ref. 3: pp.
7-8]. In characterizing the submarine magnetic signal as a
simple dipole signal, the U.S. National Defense Research
Committee, [Ref. 4: p. 20], reports that the magnetic signal
of the submarine "varies as the inverse cube of the distance
from the source". In an OPTEVFOR report [Ref. 5: p. 1, encl.
1], the results of a regression analysis on empirical peak
to peak signal output against slant range between submarines
and aircraft are reported, These results also suggested
this inverse cube relationship for the magnetic signal.
This relationship is the basis for the OPTEVFOR detection
model.

The model has a deterministic mode and a stochastic
mode, each of which involves the following parameters: the
submarine magnetic moment (M), an Operator Recognition
Factor (ORF), the average peak to peak magnetic noise (N) in

the operating area, and a slant range (R). The relationship

between these quantities is given by:

ey |1/3

Rz |-v----- (ean 2.1)
(ORF) N .




The value of the constant c 1is 0.'0 for M in oersted

centimeters3

, R in meters, and N in gamma.

In the deterministic mode, detection occurs if and only
if the aircraft's slant range f£from the submarin at CPA is
less than or equal to R. This mode yields a rectangular
("cookie cutter") lateral range curve with the probability
of detection equal to 1 for an encounter where the slant
range at CPA is less than or equal to R, and 0 when it is
greater than R,

The stochastic mode allows a more uncertain approach to
detection by allowing a gradual rise in probability of
detection as the slant range at CPA decreases., In this mode
one sets the probability of detection at R equal to 50
percent, and the lateral range curve is given by Pg = Q)(x);
where‘it is understood that ¢ is the standard normal
cunmulative distribution function and x is determined by the

following equation:

(AL) R . (egn 2.2)
In this equation, CPA is the magnitude of the slant range
distance at CPA, and R is the calculated range from Equation
2.1, The product (AL)R represents a standard daviation.
The value of AL can be considered to be determined by '"the
combined uncertainty and variability in the values of M, N,

and ORF" [Ref. 3: p. 8]. Two values of AL (.20 and .01) are

shown in Figure 2.1. If empirical data was available, the




value of AL could be chosen to provide a best fit to the
observed res~lts. Note, as AL approaches 0, the stochastic

mode approximates the deterministic mode.

M « 0,20 A = 001
) e - !ﬁA

: ) 2

§ == 3
“ ] | ‘
0 ;
° B ) [ ] 1000 ° «{000 [} 1000

METERS METERS

Figure 2,1, Lateral Range Curves for Different Values

. of AL.
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III. INPUT PARAMETERS

-. The input parameters for the FORTRAN program are all
, contained in one input file. This allows parameter values
. to be easily changed without recompiling the main program or
.\ . subroutines. Also, with a few changes, this program could
“g ‘ be altered to operate in conju. .ion with a laryer program
to ylield a probability of detection on an individual MAD
s run,
% |
:%:g The input parameters are divided into four areas for
i&it discussion., They are: (1) sample interval, (2) earth
i{ ' magnetic field, (3) submarine moments, and (4) other
g‘\ﬁ . inputs.
o . ' A. SAMPLE INTERVAL
;J}i The choice of a sample interval is discussed by Forrest
f" [Ref. 2: pp. 27-30]. In the program, the total observation
.\'_x;;‘.', time in seconds over which the samplés are taken is entered
,:f% in T7. This time should be long enough to encompass a
?"' "complete signal" at the maximum expected detection slant
ﬁw range.
%‘}.‘: As the slant range from the submarine to the
'.*‘f"i magnetometer increases, the distance over which a
En;.:ﬂ ' gsignificant magnetic signal is present at the magnetometer
‘%2 . also increases. Figure 3.1 graphically shows the difference
2
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in the amount of time that a signal is present for slant
ﬁg ranges of 200 meters and 805 meters. 1In this thesis, the
total time for a straight line encounter is assumed to be 20
seconds. As can be be seen from Figure 3.1, a 20 second

intexval adequately covers the significant portion of the

magnetic signal for an 805 mmeter slant range at CPA.

Bt ' 200 METERS CPA SLANT RANGE 805 METERS CPA SLANT RANGE

.

i v 4 \
TL / * \ —
SECONGS ' SICONDS

N .
""3':;\ Figure 3.1. Magnetic Signals for Slant Ranges of 200 Meters
\* and 805 Meters.
. The time between samples is set equal to the reciprocal
\:}!\;E%: of twice the upper bandpass filter frequency of the MAD
1%7 sensor. A value of 0.9 Hz was suggested for use by Texas
e Instruments (Ref, 6: p. 112] as an upper bandpass filter
.:; limit in a discussion on the effects of noise on a MAD
b{%; system. This value yields a time interval between samplas
:_i * of 0.55 seconds.
*{';"I;;" The sample interval length and the false alarm rate (the

fﬁ"'-i v expected number of false alarms per hour) determine the

16
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false alarm probkability. The false alarm rate (F2) is

assigned a value of 3 based on a report ky OPTEVFOR ([Ref. 5:

P. 201].

B. EARTH MAGNETIC FIELD

Input values for the earth magnetic field intensity and
inclination, or dip angle, may be taken from two Defense
Mdpping Agency Hydrographic¢ Center charts, [Refs. 7 and 8
respectiVely], or approximated by using a program. If chart
values are entered, the earth field intensity must be in
units of gamma and the inclination in decimal degrees. The

program used to determine the intensity of the earth field

~and inclination i1s based on a simple dipole field model that

i1 described by Forrest [Ref. 9: pp. 39-43].

Table III-1 displays the progvam output values of
inclination,in decimal degreces and earth magnetic field in
gamma for salected geographic locations: In addition,
corresponding values obtained from the Defense Mapping
Agency Hydrographic Center Charts Number 30 and Number 39
are alsn displayed. The last three columns are the average
slant range in meters at which a 50 percent probability of
detection is obtained for the three program detection
models. The program input parameters for these slant ranges
were the same as the hase case, except for the following
differences: a sample interval time of 40 gfeconds, aircraft

and submarine headings of 0 degrees, and a submarine

17
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displacement of 7,000 tons. The correlation between the

slant ranges, comparing the chart values and model values,

was found to be 95 to 96 percent for the three models. This

. suggests that, even though differences exist between the

% chart values and model values, there is a high degree of
" ‘ . correlation in the final output.
@ A limitation to the simple dipole field model is that
ﬁ it does not give an angle of declination (variation) with
sutfiéient accuracy.z As a result, all headings entered
%U ._ into this program must be in magnetic degrees. The Phoenix
gH Corporation (Ref, 10: pp. 24-25) reports on geomagnetic
' . field models that can represent the earth field "with
?% : : overall accuracies better than approximately 150-200 gammas
%' . " in magnitude and .2° in direction of the field." This
; . degree of accuracy is not qeodad for this program, but a
% ) simplified version of one of these models that provided
%"' satisfactory angles of declination would be beneficial if
T. the program were to be incorporated into a larger model that
% utilized true headings as inputs.
% C. SUBMARINE MAGNETIC DIPOLE MOMENT
5, ' If a submarine’'s magnetic dipole moment is known for the
g geographical location and the submarine's magnetic heading,
i ' 2private communication from R.N. Forrest, who
¥ investigated the use of the simple dipole model for this
. purpose.
§ 19
;
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the following values may be entered in the program: (1) P,
its magnitude in oersted centimeters cubed, (2) A, its
direction in decimal degrees relative to magnetic north, and
(3) B, its depression angle from the horizontal in decimal
degraees. If it is not known, these values must be
calculated for a specific location and magnetic heading. A
program is included in the main program that can be used to
calculate these values. The program is based on a model
described by Forrest [Ref., 9: pp. 35-38]. The input to the

program is submarine displacement in tons. The program also

:5 contains coefficients which relate displacement to magnetic

moment. The values used in the program are based on values

%§ cited by Texas Instruments [Ref. 6: p. 4].

%% . The past history of the submarine is represented by the
2;) permanent longitudinal, transverse, and vertical momants of
“ ' the submarine (M4, M5 and M6 in oersted centimaters cubed).
: : For the examples in this thesis, it was assumed that

effective deperming had been performed and program default

i values of zero were used.
¥ |
1|

e D. OTHER PARAMETERS

$¥ 1. Headings and Speeds
%% Since the simple dipole earth field model used by

- the program does not produce accurate angles of declination,

magnetic headings are required, In addition, the headings

f“‘"\ 20
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must be in decimal degrees. The input parameters for

g
kg submarine speed and aircraft speed are entered in knots.
: 2. Noise
%é ) The magnetic noise is assumed to be such that
g | adjacent magnetic noise samples are independent, This

‘asaumption is based in part on the filtering that is

performed on the magnetic signal by the processing system in

<
[

a MAD detection sensor. The standard deviation of the noise

=

e s

in units of gamma is the value eﬂtered into s1. This value

can be approximated from operational data by taking freom

- one-fourth to one-sixth of the measured peak to peak

FaR

) .
magnetic noige. [Ref. 2: pp. 28-29] ;
The OPTEVFOR detection model incorporates a value of

!
E 4

average paak to peak magnetic noise (N) in the inverse cube

.:‘__p

law calculation. 1In the program, the value of N is

A

determined by multiplying the 81 entry by four.

Pt By

%. 3. Operator Recognition Factor (ORF)

i The ORF is the value of the ratio of magnetic signal
ke

q to magnetic noime for which the average operator would
ﬁ detect a signal 50% of the time in the presenca of
W background noise for a false alarm rate of 3 per hour. An
N ORF value of 3 was suggested for use by OPTEVFOR [Ref. 5: p.
4 4.121. “
% . 4. Distance Parameters

b Two parameters, R8 and N7, are used to define the
ﬁ ’ points plotted on the lateral range curves. R8 is the
L
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maximum positive value of the lateral range in meters for
which a lateral range curve value is to be computed. N7
represants the number of lateral range curve values that are

to be computed from the maximum lateral range to zero

=

N
N A
s

lateral range,

The vertical separation (Z) is the sum of the submarine

depth and aircraft altitude in meters.
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IV. RESULTS

ﬁg ) ‘ Program outputs of the three models for a set of base
i _ case conditions are presented in this section. Outputs for

variations from the base case are also presented. The

?ﬂ | lateral range of an encounter (the horizontal separation
'y

‘§j between the submarine and magnetometer when the magnetometer
' B is at CPA) for a 5U% probability of detection is used as a

measure of comparison. Signal and signal plus "noise"
traces fo; several cases are presented. The traces are
based on the signal and noise models that are part of the
cross-correlation and square law models. These idealized
ﬂﬁ_ " aigna; traces appear to have the characteristics of actual
:ignal'traces. This suggests that the signal and noise

- models might be used for training purposes.

A. BASE CASE
ﬁﬁ The base case conditions are listed in Table IV-1. The
table is ordered in the same manner that the values are read
into the program. An annotation of each entry is included

S for clarity.

é@ Figure 4-1 presenta the lataral range curves for the
if base case. Points on tha lateral range curves are indicated

“ by the first letter of the name of the model from which they
ti% » were derived. The slight asymmetry of the cfoaa—correlation
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% detection model and square law detection model curves is
_ reflective of the shape of the signals that are 'received'’
K

in these models.

Table IV-1. Input Parameters for the Base Case

&3 1.8 twice the upper bandpass limit in seconds
T - 20.0 gampling time interval in seconds
. 3.0 false alarms per hour
i, [ ' 0 Enter inclination (1 = yes, 0 = no)?
{8 : 30,0 area of operation latitude in decimal
N dagrees
?‘ 60.0 area of operation longitude in decimal
A+ degrees
45,0 submarine magnetic heading in decimal
3 , degrees
o8 10.0 submarine speed in knots
N 315.0 aircraft magnetic heading in decimal
W dagrees
+ 220.0 alrcraft speed in knots
N s 0 Enter submarine moment (1 = yes, 0 = no)?
i 0 Enter earth field (1 = yes, 0 = no)?
B ' 0 Enter submarine perm moments (1= ves,
o 0 = no)?
H . 4000,0 submarine displacement
‘ 200.0 vertical separation in meters
N : 0.1 noise (standard deviation) in gamma
¢ 1500.0 maximum lateral range in meters
- 50.0 divisions of lateral range
il 3.0 ORF (Operator Recognition Factor)
o 0.2 variability factor for OPTEVFOR model
; 0025 lateral range iteration number for the
< magnetic signal and signal plus noilse in
N the output file

Table IV-2 1lists lateral detection ranges and

corresponding slant detection ranges at CPA for a

o probability of detection equal to 50 percent for the cross-
$' correlation and square law detection models. An equivalent
;, | ORF. value for each model is also listed. Due to the
ﬁ asymmetry of the lateral range curves for the cross-

2t corralation and square law models, the average of the two 50
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Figure 4-1. Lateral Range Curves of the Cross-Correlation
(C), Square Law (S), and OPTEVFOR (0) Models for the Base
Casa.
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Table IV-2. The Lateral Detection Ranges, Slant Detection
Ranges, and ORF's of the Three Models for the Base Case.

X A K
™

Lateral Detection Slant Detection ORF

R Range (meters) Range (meters)
%i Cross-Correlation 885 907 . 21
%& Square Law 685 714 .44
; §

OPTEVFOR 318 376 3

percent detection ranges was used as the lateral detection

range., The equivalent ORF values for the cross-correlation

25
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and square law detection models were calculated using the

slant detection range values with the following equation,

' which was obtained from Equation 2.1:

cM
ORF 2 ===
R3 N . egn 4.1
For the base case, the magnitude of the submarine field (M)
at the submarine is 6.35 x 108 orested em3, the noise (N) is
.4 gamma, and the value of the constant (c¢) is .1. This
suggests that, in order to detect a magnetic signal 50
percent of the time with a false alarm rate of 3 per hour,
the magnetic signal to magnetic noise ratio should be .21
for an ideal cross-correlation detector and .44 for an ideal
square law detector.

Using the ORF values, the cross-correlation and square
law defection models can be used to describe the performance
of an operator. To do this, a modified value of the
standard deviation (¢) of the input noise can be used. The
modified value is oqual to (ORF)(o#)/.21 for the cross-
correlation detection model and (ORF)(e)/.44 for the square
law detection model. With these modifications, the two
models can be usad to describe the detection capability of
an operator with a specified ORF. An example of a lateral
range curve with the modified noise standard deviation for
an ORF of 3 is presented in Figure 4.2 for each model.
These curves afe comparable to the lateral range curve for

the OPTEVFOR model that is shown in Figure 4.1,
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) iﬁd s e 4 K
A, 1000 1000 -1000 1600
P METERS uerems
: : ‘ Figure 4.2. Cross-Correlation and Square Law Lateral Range
N { Curves to Describe the Performance of an Operator with an
E:la ORF of 3.
R -
) ‘ The automatic MAD system manufactured by Canada's CAE
7.; Electronics Ltd., is expected to produce a 50 percent in-
IR
Py crease in detection slant range [Ref. 11]. Using the
ﬁ’ i detection slant range for the OPTEVFOR model of 376 meters,
N *“ a 50 percent improvement would yield a detection slant range ’
. of 564 meters. The ORF for a detection system with this
é,:‘ capability would be .88. The cross-correlation and the
,, square law detection models could be used to yield lateral
~ range curves for a system with an ORF of .88 by using a
noise standa=d deviation equal to .88 (0*)/.21 and .88 (o~)/ .
J‘_"'clj‘-*, .44 resvectively. Figure 4.3 shows the lateral range curves
'g' of the two detection models with a 50 percent improvement in
,. slant range detection. Note, with the modifi=d noise
38
i‘“{ gtandard deviations, the models are essentially equivalent
Wy v
?’.’a, for the cases considered.
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CROSS—CORRELATION; NOISE = .2 GAVWA SQUARE LAW: NOISE @ .2 GAMMA
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Pigure 4.3. The Cross-Correlation and Square Law Models to
Describe LRC's for the CAE Automatic Detection System.

SIGNAL AT CPA OF O METERS SIGNAL + NOISE AT CPA OF O METERS

| A
. ”» I \ L]
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~ . ’ "
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i i :
™ TSR W— 1 p — ofhy “~t—f p Mr
: { : 7
-0 -5 ) = 10 -0 -10 e 10 a-
SECONDS SECONDS

Figure 4.4. Magnetic Signal and Magnetic Sigral Plus
Magnet ic Noise at a Lateral Raunge at CPA of 0 Meters for the
Base Case.

Figures 4.4 and 4.5 present the magnetic signal and a
representation of magnetic signal plus magnetic noise that

would be received under the base conditions by a

magnetometer with a lateral range of ¢ meters and of 780

28
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meters. The signal plus noise trace was generated from
signal plus noise values obtained by adding a siénal value
to a gaussian noise value. The gaussian noise value was
generated by multiplying the standard deviation of the input
noise by a pseudo normal random number from a population
with mean 0 and variance 1. The pseudo normal random numbers
were generated using LLRANDOMII, a resident program at the

Naval Postgraduate School computer (Ref. 12: p. 2.2].

SIGNAL AT CPA OF 780 METERS SIGNAL + NOISE AT CPA OF 780 METERS
) NV 3 "
AN | Vﬁ\f‘
W '] il
-1 L 1) 2
SECONDS

Figure 4.5. Magnetic Signal and Magnetic Signal Plus
Mazgnetic Noise at a Lateral Range at CPA of 780 Meters for
the Base Case,

The magnitude of the magnetic signal shown in Figure 4.4
is very large in comparison to the background noise. The
peak to peak signal to_noise ratio is approximately 14 to 1.
An operator would have little difficulty identifying the
signa.. in this signal plus noise trace.

Conversely, the magnetic signal shown in Figure 4.5 is

small cowpared to the background noise, The peak to peak
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signal to noise ratio is .35, The probabilities of
detection for the lateral range of 780 meters are: .95 for
the cross-correlation detection model, .28 for the square
law detection model, and 0 for the OPTEVFOR detection model,
It seems apparent that an operator would have a difficult,
if not impossible, time in detecting this signal at a

reasonable false alarm rate,

B. DIFFERENT NOISE INPUTS

The first variation on the base case shows the effect of
different nois# inputs. The standard deviation (9o’) of the
peak tn peak noise is the input parameter that is varied.
Table IV-3 1lists the different ©* values and the

sorresponding lateral detection ranges,

Table IV-3. The Effect of Noise on Detection Range.

Standard Deviation Lateral Detection Range in Meters

of Noise in

Gamma Crogss-

Correlation Square Law OPTEVFOR

.005 2250(2259)% 1792(1803)* 1000 (1020)*
.01 1832 (1843) 1446 (1460C) 782 (807)
.05 1110 (1128) 863 (890) 427 (472)
.1 885 (907) 685 (714) 318 (375)

.5 512 (550) 382 (431) 90 (219)

*The numbers in parentheses are the slant range
dietances in meters. The vertizal separation is 200 meters.
Figure 4.6 displays lateral range curves for the three
models when the s3tandard deviation of the noise is .01

gamma. These three curves show an increase in lateral




detection range over the base case. Note that the asymmetry
of the cross-correlation and square law detection models is
more apparent in Figure 4.6 than it was in Figure 4.1.

Figure 4.7 displays the magnetic signal (which is the

same as the signal in Figure 4.5) and the magnetic signal

E%."' ; plus magnetic noise at a horizontal distance of 780 meters
?ﬁ ' when the magnetometer is at CPA. The signal to noise ratio
N :

? is 3.5, The figure suggests that a MAD operator, in this

case, should have the ability to detect a signal at 780

o meters lateral range with a satisfactory false alarm rate.

ggg | | 3

P(DET)

LAY 4

2000
t . METERS

Figure 4.¢. Lateral Range Curves for the Three Models with
the Standard Deviation of the Noise Set to .01 Gamma.
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Figure 4.7. Magnetic Signal and Magnetic Signal Plus
, Magnetic Noise with the Standard Deviation of Noise = .01
- Gamma at 780 Meters Lateral Range.
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-C, DIFFERENT HEADINGS

. ‘ + The headings of a submariné and an aircraft in an

=

encounter have an effact on detection rangea. The effect of

(-
A3

. different headings was investigated using the square law

-

.,

o detect ion model, and the results in terms of lateral

e

detection ranges are presented in Table IV-4, This table

-

suggests that a submarine should choose a magnetic heading

o

: --’,'.'

of either East or West, and, for an encounter, an aircraft
should also choose a magnetic heading of East or West.

) Figure 4.8 shows lateral range curves for a submarine
heading North and an aircraft heading East. In this case,
- | both the cross-correlation and square law detection modal
lateral range curves display noticeable asymmetry. The

OPTEVFOR detection model lateral range curve is symmetric
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ﬁﬁ Table IV-4., Square Law Lateral Detection Ranges for

@ﬁ . Different Submarine and Aircraft Magnetic Headings

X l

g Aircraft’ Submarine Headings (magnetic)

' Headings

v 1 I (magnetic)

“:;} 45 90 135 180 225 270 315

B 0 700 650 498 640 686 640 498 650

e I : 45 724 637 505 670 713 624 501 676
t 90 730 654 527 654 730 646 8524 646

o] 135 712 685 505 636 724 682 502 624

Mﬁ” . 180 685 640 498 650 700 650 498 640

ﬁ#“' 225 712 624 501 672 724 636 506 672

e 270 730 646 519 646 730 654 533 654

bR Lo 315 724 685 501 624 713 682 505 636

"
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Figure 4.8, Lateral Range Curves for the Submarine Heading
North and the Aircraft Heading East.
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but, like the curves for the other models, it shows an
increase in detection rangeé over thogse for the base case

(where the submarine is heading NE and the aircraft is

'heading NW).

The APAIR MOD 2.6 [Ref, 13: p. 83] simulation uses a MAD

detection model that accounts for the change in a

submarine's magnetic moment (which is dependent on changes
in submarine heading) by using a parameter labeled DPACTR
(degradaﬁion factor for heading). In the model, D (a
modified slant range at CPA) determines the probability of
detection. The value of D 18 determined using the following
reiation:

D= DC (1 - DFACTR x A), eqn. 4.1 °
where DC is the slant range at CPA and A is the acute angle
in.de&imal uwegrees between the submarine heading and an
East-West boaring. The probability of MAD detection is
determinaed from a table of probakility of detection against
slant range. A uniform (0, 1) random number is drawn to
determine whether or not the submarine is detected. The
average slant detection ranges (computed from Table IV-4,
where the vertical separation is 200 meters) for submarine
headings of North and East are 741 meters and 545 meters
respectively. These ranges yield a value of ,003 for
DFACTR. The average slant detection range from Table IV-4
for a submarine heading of NE is 682 m:ters; however, the

slant range determined by a modified slant range of 545

34




meters and a DFACTR = .003 is 643 mcters. If sin A instead
of A is used in Equation 4.1, then DFACTR is .265 and the
slant detection for a submarine heading NE is 670 meters.

Since this is only a single data point and there is no

supporting operational data, the modification is not

proposed as one that should be adopted. However, this
cursory analysis does indicate a way in which the programs
presented in this thesis might be used by others.

Table IV-5 lists lateral rangaes for P(det) equal to 50
percent for 3 submarine/aircraft heading combinations. The
cross-corralation and OPTEVFOR detection model results show
the same relationship as the results of the square law
detection model.

Table IV-5. Lateral Ranges for P(det) = .50 in Meters for
the Three Detestion Models,

Submarine 45 0 90
Aircraft 318 90 0
Cross-Correlation 885 934 754
Square Law 685 730 498
OPTEVFOR 318 358 230

For the detection ranges reported by OPTEVFOR [Ref. 5:
Pe 5.1], the effect of different headings was averaged out.
That is, measurements were taken from the 16 possible
combinations of the 4 cardinal submarine and aircraft
headings in equal numbers and then averaged to yield an

average slant detection range., But, as shown in Tables 1V-4

and IV-5, the models show significant variability in lateral




detection range for different submarine and/or aircraft
headings.

Figure 4.9 is included to show the lateral range curves
when the submarine is headed East and the aircraft is headed
North. These lateral range curves give the minimum»lateral
i detection ranges for the different heading combinations.
Also, for the cross-correlation and square law detection

models, the lateral range curves are fairly symmetric.

P(DET)

1000 :
METERS v

. Figure 4.9. Lateral Range Curves for the Submarine Headed
East and the Aircraft Headed North.
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D. SUBMARINE DISPLACEMENT

The submaritie magnetic dipole moment program within the
main program is used to calculate a submarine's induced
magnetic moments. The program is based on a model described
by Forrest (Ref. 9: pp. 35-38]. The model requires
submarine displacement as an input. Table IV-6 displays
raesults when the submarine displacement 1is doubled in each

succeeding entry.

Table 1IV-6.Slant Detection Ranges in Meters for
Different Submarine Tonnages.

Displacement Signal Slant Detection Ranges in Meters
in tons Magnitude Cross~ Square OPTEVFOR
in oergted Correlation Law
cm

1000 1.59%108 590 463 236

’ 2000 3.17x108 732 575 297
4000 6.35x108 907 714 376
8000 1.27x102 1127 885 472
16000 2.54x%10° 1402 1099 597
32000 5,08x109 1724 1363 753

As can be seen from column two in Table IV-6, the dipole
moment is proportional to the displacement. Since the three
detection models give a slant detection range that is
proportional to the cube root of the dipole moment, dcubling
the submarine displacement should multiply the slant
detection range by 21/3 (1.26). This 1s confirmed by
comparing the slant detection ranges between the entries in

Table IV-6. Doubling the displacement multiplies the slant

detection range by 1.24 for the cross-correlation and square
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law detection models and, as expected, by 1.26 for the
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OPTEVFOR detection model.
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Table IV-7 lists the displacement in tons of selected

e i X S oy
e T bR
- -

y - ol
=

Soviet submarines. The values were taken from Combat Fleets

of the World 1982/1983 [Ref, 14: pp. 602-614]). This tablae
Table IV.7. Selected Soviet Submarine Displacements,

A
Rt e

J,i : Class Displacement in Tons
*{‘t
i" Typhoon 25-30,000
. Delta III 10,500-13,250
- Yankee 8,000-9,600
Eﬂ Echo II 5,000-6,000
i Victor I 4,300-5,100
gl Tango 3,000-3,700
%ﬂ o . Whiskey 1,080-1,450
20 N
kﬁ . is prosented solely for the purpose of the information it
N
' contains., The submarine magnetic dipole moment program
?ﬁ ’ should not be expected to give accurate estimates of these
;? submarine's induced magnetic moments, since the program uses
Wl

a value that relates displacement to magnetic moment that is
fn based on submarines of World War 1II.
)
M, E. VERTICAL SEPARATION
}g Figure 4.10 shows three lateral range curves for a
ﬁj vertical separation of 500 maters, The OPTEVFOR detection
Y f
_ﬁ model lateral range curve shows only a slight detection
33 . probability even when the aircraft passes directly over the
Eﬁ submarine. The c¢rosg-correlation and square law detection
o I
@j model lateral range curves show an lncrease in lateral

A
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;f ccneequently, they may not be representative of other
{4 | locations. Note that both the org




law detection models lateral detection ranges increase with

an increase in vertical separation until about 500 meters.

Table IV-8, Lateral Detection Ranges for Different Vertical

Separations.

Vertical Separation Lateral Detection Range in Meters

in meters Cross- Square Law OPTEVFOR
Correlation

100 804 614 360
200 885 685 318
300 942 720 22;
400 974 724 --
500 980 699
600 974 629
700 936 262

*No longer attains a probability of detection egqual to 50
percent,

A factor related to vertical separation is.the effect of
ocean wave noise on a MAD system. As the altitude of a
magnetometer is decreased, the magnitude of the ocean wave
noise increases. Because of the rate of th}s increase, for
a given submarine and submarine depth there is a minimum
altitude at which an aircraft should prosecute a submarine
using MAD, Further investigation using an ocean wave noise

model might be valuable.
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= “w V. CONCLUSIONS '
-fﬁf " This thesis has presented a comparison of three MAD [
;{%Ni ) detection models. The cross-correlation detection model, |
.";' which models an optimum detector under the conditions of the
detection model, vields the maximum detection range for a ,f
set of given conditions. The square law detection model ;f
k; does not describe an optimum detector under the conditions
~TQ7- of the model and yields shorter detection ranges. 1In the u”
,f%g stochastic mode, with an appropriate choice for the .
L:*; parameter AL that determines the standard deviation, the .
?fti lateral range curves for the OPTEVFOR detection model become ]
:f\! similar to the other two detection models. Detection ranges ,
w:&v' i for thé OPTEVIFOR detection model depend on the choice for )
“d%g the Operator Recogniticn Factor (ORF). With a value of 3 ;v
-mk for the ORF, it yields the shortest detection ranges.
) 2?1 Adjusting the maguetic neoise level by an amount proportional -
[}*:: to the effective ORF, the cross-correlation and square law "
f iﬁ models can be used to degeribe the performance c¢f an
ﬂ?Qi operator or an automatic detection system.
_.g The magnetic signal and magnetic signal plus noise
‘%; traces appear to have the characteristics of actual signal
'uﬁ% ' tracas., This suggests that the signal and noise models,
;,$§ which are the basis for the cross-correlation and square law
_%ﬁ‘ detection models, might be uéeful for training purposes.
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Variations on a set of base case parameters were used to
show relative changes in the detection models. The
parameters included: magnetic noise, submarine and aircraft
magﬁetic headings, submarine displacement, and vertical
separation., Signifiicant results were the large asymmetry of
the lateral range curves under certain conditions and the

variation of the magnetic signal as shown by the changes in

vertical separation,

The FORTRAN and BASIC programs, along with an input
parameter discussion, are included to facilitate the use of

the three MAD detection models as they are implemented by

the programs.

42

YRS
- %
e P B

) . »
e W .
A T T T L L

SR g - n <1 e W Yo & o . - N S I TC IV P
. SRR S VR T SR AN RGARAL BN IR o A A KNS




APPENDIX A

v [ ]
Ul
- -l
X 0 end
N (17, S
[+ 3 = Q)
no -~ en [ ] S ) |
Wi, 2O ® W » o}
= i . 4 e . o
P=ty " " L z
i Loty onid LN - S ' (2]
- 0o LEWNV —— Q -
) LI ) - - P (=]
& | kit L) < = o
a0 5 = w o] x
W - op= x p—- ——
QO=<C Tl o oL - I [ 4
-4 = - o Wi~ oo
@& - - oy 20N 0 x
= wad vl D0 b Ll S onl a
"9 & W) » -< - & «
K W d ® S [ sy foe U
Loy =R - Me
N < QWX [ e IR ad v
N o O e I LT BT [
T3, o N = PRSI YT w
g Lt -2>0.0 (# | ocQ  «Q -
AX P oy Q = an w -, WV W
Aty 2 a2 e we wgl <
P - - I w (Y el o
o X 0N ™ > et VO <
s Qo Q o, e < em(Opw - (™
Y. = N O X T e o
Iy - Qe O slim (X) = W
e g A e @ W = ey o =
X, e wd =@ e W =g O e b o
N p=tld -l B WO W w v
by, " ol (-2 4 <~ Q *lw =& %] xx
W3 e Qeves o =« O PO k - w
Wt ok QO O «Q et b -
(VI - s aXd [ R N A a. o
] - N we N aw 4 -l of oo
XV 0w, W Q aad e = () L3 ) [ A .
(124 a0 Q At W > Q Qu
al) - e 8 WL o W et WY t o -~ O I (& 1%
[$.1- 2 i O« 0L QY Semin QLMY [ -4 1] - Q )
W " O exXE W WWNe w e (14 ol & N [+'4 Mo
- 3 0 NOo s u Mg D ol L) e 9 < e w -
[-WTT) ﬁ -.OQ.M e L oZrmil) » ¢ - [ I =] (% vl
o o4 et 1" = == Qe ol i e el
3 b - Qene A ) T e O ~ 3 (1 = v % o
W e &  eeleid 3 QLWL 8 LA - (Y~ X -0
PRY) € smX¥ad W W e AN W 0 g % o .l Dz
daded B I OBR W W Uwd TR B L, (TG ol ol L2 N UL N SN,
Ueliothd e T WY @ Owe Wk W A e (TWIGS U upe eR e ) WY TV e )
0O & QelE mewmg I “4 epw & BASNUE =» =hunDy S 00 A= | Qs
OZO T i) "o Umt$Q wpurimieil) U :oc: 3.—:3@-4;—-' mmmwgmozgao
e ity w L4 . * o D - ° v .
Uet [~ 4 0...::2; ~.v-'-v=-‘=~du:: o ocu- -& -ﬂlgtﬁ—u—t—uau_m -G ur '2
eI ST e 0o el i pupe = MOV PEENICOM b oyrtb E i AP O O
55 8 Oz IIEISICIENE ¥ 98T goohuriisiorpeatyis
NItlire - i
Vil W Xz TFTFTISTTIL X UL Quu ST ERT TR -Q
Wi & Uedemire QWO WIIIWW P WUl ) g W) R §0 e 1 T e e LA
Vitiid "™ R WbNelbl, claL i, W - QA e ha T W 06 L Qe Q0
Lon 0 o L T Y J » e (W 2 Q
e Wil s -~ 4
[l L] O i -t [on ] ]
OO0UOo0 O0C00 Q
RNV PRIV i H
NS WS L R (%) WD (G188 ] L®) o ‘
43

O N RPN

X3




CR APPROXIMATE BY COMPUTATICA.

; . ° Wl

N ] " ™ -d
" - > > T}

o " R w Z

. "% & - - o

5 « & Q ]
. u w w |t
s 2 38 5 IE
pR Y b

""x‘f Q v ] w >

ot L]

(T8 o o - ) Y]
A% Q -~ “ & e W -
- -~ - <« < VOR &« T}

. < L -y -y - ™ 4
o ow (W - o , vt N L0 U Ow

B vl eud -y (L) - ) o s [ ] J =LY " N

X mg ™ oz - - b B e T Vi & g 13Y-°4
Bt Y Q vl o ® ™) e~ - " N QO
TR Cieg § - i) I (TI y w w :o!-‘:lc:l 0; Dg
Rt o= [ na e o LV e (72} vi > ek N for -

F 8&- S : 3'53 9 © NoLE  Se —agw ~ L ;5-::;:«8“’ ‘
by . . o R v
Tyl ‘ . - G eledld e wemstennr @R YRW, L) SLIG SNV W --

- _'.")',” - e U U emes m—y )P evmlligp e (e e R Il O R, e ) ;
ﬂl‘“\A [~]14.1) (W ol (=1~ Nl  Fradrwpe DO O O O OwwmQIYT OQOD0
vﬂ‘{:, sa vl QN e ol | ~<AZV)< ded . 00 Wit it P AL QDY LT et

A CE « I O == ) QO €O 1 Qo WO-NOA_H-J-&@WMBO-OUA.J o ‘
Py WO eiDL\D Aww (W 1Y W VNUSUIOTUTVITOTVIVWWY O .
N1 AN 1D X NZEORRE X QDO L Z 'y wdl w B Crndfp O 9D .

o o IR TR iy goio S Rt~ Jo0r RPN Nyt =3

- h o 4 e 7, :

- Ky A ' - (U-EEE [N QQ-JQU? (1] j""f Nl | cto-uzn( [[] 3 9‘“’1 W W jH“ [1] Gﬂsta .

. ?“,’ e e T T T T e L Y Kt LI N DAL g P A i UL (4,14 NI et O\ SR, QO W/ D (¥ o L UL, o L)

. ‘51; H:gu.w:_l-‘d&ﬁAUKQLU‘,QIO&MOUKJU:Q{U¢E¢U¢ JJUI“Q&&NEG
R z - < < v £ < .
R " e oW ] Ll o) L on -

» @ [ L]

v ) [T1Y L1
v (%] (%] (" (& (8] “w W (&)

LI
S

,%‘ 44
a7 V. -+

g ;

3
-ﬁé a3 S NI SNSRI W R S o N P T T N s M B e e i )

N '_‘ ‘,\"‘\_\ !



i
(™ ]
L
=
[ed o
V) ("7}
» [e2]
- E N
e (L1} =
(& ] : =
-
= - w
ol —y -—
v - o = W
* i o o L
- N (%] "
Q ¥ o o
. 7 4
vl w -— Q [
+* L -4 & ~ Jo
- o () % L <
(VS %t —-— sy [] -
- i wm ot ~
(744 » [ ] (™} - »
[19] 8 Q (] L] (=] L.
e ol » 4 o x
= L 3 a - = o
x - Q. vl wv w -
o~y W « (= «® ® iy
g - o oy} L (%]
kS Q o o LQLOR -— +* o
[ [wr) & ) S — ke 4
S Q) * v Q [37] #HNZN o0, e
qQ N o [ al [l & 2314 < - - -
wn [} &£ by W = wvi} - - 4
o " w WO W W vt ™ NQ e Q
0 Qm -~ I QIno - PN > o> Yy
LY | ot W A X j & m=E X .o o e, [
Q Qe o = x L i Q. = eI N () wedCOG
pa | L1 [« JENY? KCSOOVO (117 ] - e XX Qo ">
- Wiey v ) - ) pedyeg ey LW il o\ oy,
iy o e WL S [ © ] P A B L 00yl e ) W [V VY] [+ 1) ' WO o
(=1 ¥ WOoOwey O « Woowwy O w'wwiln) e INEOOOWW
o Suplgmhud,g  ENgTe=,  uiRagEAR SR GE e
L W -t -
- u-n—vmuuag 2 &*-SUUU-) ﬁvxa.uwuu:.:.bo:u-gu\ouhm
Cd AT 14 -<o—zoz OQO&- '1(12"\00&'—* +'l' :.*'I- b b OCOCE bt e O T
QSO ugH TN et T
«{ [- W T4 et ) wd -
95: 9 PR Ennu uﬁuffu* ﬁ E jf =
F‘UGQ“\‘UPW = 0 ""
K“‘m Q:’ﬂ‘-"“ UWU-‘H-I-I:DK"‘ UK!I:MIIIZ&&LIIZUUUJK.))J.‘EH
z ‘ P4 < U
(@] o Q -y < -~ (=) e )
~N AL 4 \n 0
“ws “Y W) ['}} ['}]
(] ) (& [S]1S]% &)

"'.\ Tty \s..m.w \.\mhv&w

:h:tﬂ.z:‘ ‘




-
<
g
zw
bt L
=10
-
[TSITRIEN] - (=]
V) eI 3 [}]
- D=L Lt -
- 4 [+ 4 [ N
' ™ [« 4V, o ) «
d WL < L4 -
. o s Q0 oK b=t -l -
. " = - b4
-l e T 2 )
; - - < Al - v
; - ) P-4 % 4 @ =
1. -y [y u ‘ [ ]
w -~ () O, [ -
- o wvuwn - -
® - -l 2 - -
= - WL -~ =) @
- - [ (4] [ -] - -
-t [17] - = e 2 D (L) [ -t ’®
¥ - 1. [ » o [ 1] -
* - N - L. 3& o 2 -ty o~
(L) Q - [} vy - 4 BV
[ ] - (] [ ] n [ 3 Q Yl Wity - )
' o i [ (VY 1TW]. 4 0 - wa Z
" -~ Q Uy [T =L 4 Q = L B
. - N e (=) pom TTV7RY o [ [ ] -y VI
M = M - o= x (.} 4 Q [ R
a w > - QO Z - L el o -~
- e = oy L -8 (e0 ) QQ
x g x - L] 7] - (=} -l
" w W ~ o il e L] Viem 21
G o = g [ :8@ - o= | € ‘t=iem
S59F 2 uEFE I3 #0
[ 3 - [TF) (o] - () vl
- 'i v - LL.. o olfy () - -4
g -l X e b L [®) o« Ow Qw= &
~ Q@ . 2 t [ ol ™ OF WE ©
Q = W (=] VE. 1] O 0 wohd ke &
Q W > = - wlyewv) - W* & FEn ZJWN ]
- o " D —— L) et ~N L] [ Ll T T ]
W W M W - o 1ol ™ - WO WaVI™ Ve )
- e = - a.Qdw O O ﬂé*ﬂ U %
N £ O s Q -l M Or NOrwQmwO
- = Vv b d [ ] w MIEw SNV
' ~MOPd A w X O DUd= ) X = wH --CJWDG |
U Sahud w s QDuitd = v KV)WUV)WU v=d
el L ol mLwe () W L ™ W we V) ®ee )% W ke W4
rNVIKL DN W SR NI e v e - ) ) "W"\*
Unsmamen ooy 2 el D ) QA0 Ol et Q04 W one RPFORRD O
OOO0 OO0 ™ -uwu:-.-n. NDO || - b Z L Z XTOU Cmmwrensn
R Lt Y O L) eweaithiild D= ) ol P :J::zu.cz o
mOBa okl M _JW..I..I-J-JUI\' =3 MDD ¢ = o V!
0#‘**#*@*\omu.oa--lu-lzn=-°~z ENUE D W » BNV
om-m-.-uw oﬁH: s#ss:mw:gﬂ go.m.e Q 3 bt JOSTDUT;&
" o 1Y) -y ’
933%999?5 N& e 2: 'Ecca Ao & PR Ju’én AR,
P Wb D N M) QD e e e (N
muuuauuzocdzn U&-‘Q UVN-N Wm<5> wi Hn’.f WD "L Z W
[ ]
} - b bl 4
[=]%] (=] o s ) ) o
o w
"} uy
(5] LVRWUWOLW W (%)
46
‘o AY) W R R T b LAY " K Yy ¥ - " - Mt g WAt gt .- .
ol Al L X gt LY Ve Wy ‘ ‘ I- o .l. I " OO M i e Cu W 'n..‘*_ W J‘,,-F_-*- NG -{"‘4‘\ v
e Ay .,‘«;wt__....“.wLk.,._.‘.q_k‘_..._.._@.-_.f.é- it S e PO v 0 A i 8 Bt i 8.




SIGNAL

THO

w
e 4 [ ]
(o] (%4}
-
-4 o=
Q 3
[T} -y )
w 3]
- 4 - ©
(] N ©Q
- o vt
' 5 4 N
W o Q
[ » [
-~ u g -
Q Q ™ o
- [ on - Q
- Y3 u, x Q
' - - Q - -4 |
N (3] [ -
x L3 @ v -t
z-- * Q - Q
- (1 4 ~d -
b= m a % r-g
) i -y u - x ” -~
Wy - < ° M * W 0 =y
oii * = N 0 £ x L > e~a
! o - L X ] w [ o - N o»
AN e I KW= ) my -~ g o X -
nax) — | -O; O M X N e =y
3 F I ] L T " Zd O (=1 - b
p-..-,‘",; e WO Ol +0 W O~tNG = xW n  om -t
L o 04 b CYCrh= w0 pee gt o v)
?8 W b *.8 o) X m et i = *®
G QWO [ =] =) (3 XOCwissn =i X o -y oyl
b w - | G o o - e O =) § MW H W (- 3 Q2 XX 0w
Sabl vt v QO L 0 dp o padony ' 30w ) > X ” = y
2 Bl PUN RN mSURLINL S Sl o W ww N
oY QR e & Ml R M e UMl <\ T Rl 1 )
R 2O X *ag X NOQUWOWX=JN =0 =2 O MU W ese O #OX
A T eSOt e sNnwn A0 Sowow 5= = AU 2 ThEo ‘
o L} -l "
13‘ * ﬁ'whg EHE’ﬂﬂHHEQEU SU =] ") - o5 P AN P 3 )
OO TN TCH | wsls) s s s wstegm ZENZZ wZ D W XX OH# O+
il e e SEoes, 32 2 8y gardeE |
]
) u‘k‘qu- & @ Z E~a A % e e uu.l“f'ﬁ'n
LY HUWADW WU e @ D LML N0 R
AUV~ VD W U VWV g XS WES
) bmlfen
] Y habdd
I’\ m‘ Q .-Ll
oo =] ) 5] o0 o
1 ~ L} we WYY -
el (WISTS WIS (-]
XL
Ui |
2
i
[}
W , 47

e e T e P e T e P T M P M TS R T e " e e e o o e e T i

m st e ok a a
ten e F e e M e he e e b



N

K

O N

—

(A%x)8084I 3INILNAOYES
*NJd 80¥d TVAYDON 3HI1 304 Z N3AID (733 SNENI3IY INIinddans SI4L

.
o

SNONWM*-

L=-=A {
auakwm:+wrul>+~=u*»#Qouu\-anuﬁﬁuw

I¥iste

A P )
2 bot e (D LD LG ol whee P ot L0 L LY

({tx/a7 0°t
>0ooﬁu>-

Y P (S I Wt il Y
[ ]
[Pt
Q= \NOOEF OO
’;x& . o..: o Se S0X
‘J‘wg 1] ?? ()
WU 1) COmboN et

X*EH* ZH* TR* 29*19% )94 RLER]
(A*X) TWHONI 3INILNOWANS
*NJ3J ALITIGVEIYd TVANON JHL ¥0d {Z)4 N3AI9 Z SNYN1IY INTLMIDNIANS SI4L

o
W # WL
L oy (W [V 10

21 0109 ()

L)

b

riasnsy
(N474A%1) 31viod 3INILNO

*HNS 30123A v 4D 3JTNLINIVW OINV 3TONV JH1I SN¥N13Y¥ INIINDYEN

)
S JxOsSEP

-tihd

141

NY

A={3)20
tAt301 80441 _ T
A=(3)10
(A*BA) GON4T TIVD

{ O°I-E€/€V% D°2Z2)14D0S+(EG/LA% )°2)14DS—=5A
(01+dd) /DT+ O°1=28

Pa &
- W
WO ) VI e

P L]

WO W W

i 14
ot

)

LWW

48

BRI - < 4.

"y

.

LA L

= -
MR

A R L
L Ca Y e e e e

o

4
b
k3 -n
Ll
N
u
&

2
-\.\

.3

A

5L R T T

¥ R
Wil

"
A

"

Yt
VI S

[ AR

.. 3731

l":"(

L)
A




.
-

h.-
"

13 L)
v

.
Py e tw

. a
LR
L .‘b

A0

LI

NN

LN N

ov3 g
NYNL3H :
=(3)30 $
. (A*Z)3UN4T TIVD <
31S/1d-HY)=2 >
S Ok%i{Zush + Zuabil=d A
HY£3Y=91S
dex({N$4401 /W% }=HY =
0°c/0°1=d KN
o1°0=2 R Cr
APdPAYZ OIS *ISHY *t00S)5T46 14TV 120 N*H_ W3 7
3 393931V1 . P
[A3°60%6 T 1Y 452N H) €034 INTLINDYIIS 3 %3
o]
13004 ¥O4A3 1d0 JHL ¥33 130 30 ALIT18v905d IHL SNYM13Y¥ IVILINCYERS ST4L W - Jm
aN3 =
NunL3Y &
) A- 9°TI=A § 2°0°3y°X)J1 3
3ANIINDD O11 =
9°0=i 2
3NNI INDS  GOI 5
311 3109 ~
AAS{ (D *Z7AsA) -)dXI=A 3
(1d80°Z2LUDS /1 (L (GD&M+5D ) uM+ED) $M+Z0) 2M+IDIPM=AA .
563255191 °c=1d g
001 3109 (2°s1°19°A)41

6Zy»1Z0E€° 1=5) <3
BL33321¢3 “1—=bD 2
LE3LL91BL°1=ED Er
28123595 *0—=2¢) %
€513E61E°D=ID ey
tAe SI®DIEZ°0+ D°1)/ C°1=M 3
A-=A { 2°0°17°X)41 :

X=1 )
AASTd'SDSYDS D ZDID A3 A W3IY X 3
9§
M,
z
v
. -
e ;- & X \m‘“um!.f - >, <. - - - e —
SRR S SATE b | | T AL ) e




<] W% LT M g by A -
3 SR AR N DL o T, I BBy NI NES BN U ﬁﬁtu =]

LS L Y

O W PO GO I R0 W QO (TG U U= U A O O TP e e (T NEVWP O O N OO 1A O3 ME LN NTE D= O D M0~ Ul
[adan vt 1O s o] 262,0gﬂ‘l4068496451zosaﬂaéoﬁzﬂ.sggal31&...553125.416»1.&208954006165&64?1»441&
.l.14.‘a£2~4ﬂaccocp¢4£88161-16191-6-‘;‘ZC671-61"4Ec&u?qcﬂ‘aqucnzc_'slcvlﬁ.ﬁﬂ«21.3-218
l\.l-o100000oooooco100808010001101211‘-11101010100100000000000011101.-0
Nouooo...oo.......ocotoonooooooocnoealloooo.ooooooannoooonlooo.cooo

[ I N O A A | 11111 1 i ' 3 i 11 o rtia

SOd e e N YN 0

LS N“.

.‘h .,

N R ETY

4032963235626019259144757690057079986
\114_’151&8.055689082388580262163790109876
ettt = O NN OO N G O O e NN O G220 F Nt Q O et NI N St o]
(00000000000001.&111100000ooooooooogoooooOoooooooooooooooogooooouuoo
Goo..‘..o.I.O.Q.Ol.O0000000000000!.O.Q.O.l'li.....OQ.O‘OG!OOC.OOU00
i tils 131

-‘L ".‘.\x‘b"; '-\ 1A
e e w. ..

-~ 000000008000000000080008000141&'9614488223117909.’1132290844169
o Oco8ooogoooocooooooococgooocoé1°1470972¢v78885&8575.}?90741015
ho-rtr i At -Arhstrarratrarerar e N EEE X EEEE R E X R E K AR EALEELE DDA IG I
DOOCOCC80000000C8c008c06800000Ocoooococcogucoccocgcooco000000
a.

50

—~0 .0677788901246926313053921&7362—(88000000000000000000 alolalololelalelalelele tel
Dt et et~ NN NN NN OV QO OF P O OUWN DO 0000000000000 0000CODOCT000D0COS
5000088000000000000011124?89900800080808808000000000000000

—~ $ 80 09 00 5 9 5000 3 0 c9PIPP SO0 OO0 ST 20 COB OO OP ISP BRPREROORLESPEPOSIeIe®Oe e
LIOWVUUVIOUWLUVULOLVOOWVOVUOWOUUUWUULLUUL v— —rere oL mien en Lo lon Lon o) Eon han o e L L S L P
.

SRR ARAL AV SRR

.54338419803992057789003383480080800000088080080800@8000000
cs.:éé?a89121-5814&3965439!4&388080880800800888080000000c

WO TTO OO QO efmdrdrmimd NN UM TNV DD D P PO COODOTO000ODOONOOO000TCO000000000000C D0

¢\.oooouao000000000oot..00l...t.......lt..l'o‘ooo.o.ot.oooooooooooao
WOOOO (elele olelslelealele o} OO000CAO0 O OO —trdrmirdri mi=drirdrlrd rll—tetrd rtmd rtentrt r) rd rtret ot —dodrdrtedrded —trbrd = 52

X
B il o

v
W

DO TN

GccccEccCEccccccccccccrbCCCCCCECECCCECECCCECCCCCCCCOCCCCECCC
N..OO........O...‘.I.......I.l‘......'....'....‘.0.‘..‘..‘.....‘ﬂ“
FooOO880800ooocoocoocoocgcogogcoooﬂvosogcooooooonhmoocaaoocgc
C?‘-lgd-“-éﬂz?‘.18'.—2‘:61%1&“-‘\-‘h%lﬁ.lﬁﬁ‘da‘n‘%l&lgéﬂ- SR WD T = LI RIS OIEY

Rm.:l...é.t.331.225111‘009599585‘776ﬁéﬁl‘-2.¢.4333§2111. t vt O OO FMTHIINNP T e
Prerdrtrdrfetrdrdrtrdodrdrdrd—etrdrt § 1 P F 2202 BRSOV BN ROODRODO IR DY B Tz
NI RN ._n.
=t
o
4
=
"ﬂ
"
~
L I LNy e e =73 = = v v - 5
SIS IR TN S, Tk < PEAY s IR 7 7 72 e
“; | A . KA DRIy | HS e PET S




QITVWUONORL
WO~ WNO
OISy e
~ONOH~O000000000000000C00000CO00T000

YN EEEEEENEE N I A I A AN NI

felaieiolalelelelelolololelalelolelolealelalulolololalo ialaimle o ol I
! 1!

ololelelelelols slolnlolsaleialelolololelole olatalolelolele olole ln]
e 200380635209 068C0900 00390699 sESSIEBS OO

OCOoOO00IOTO000000CO000000000TOT0O00O000

P I YoTlelvlololelelolelelolelolslolalelolale lo lololalo s o lolo]
NHOOOOOUVUOCOO00OOVROUO0I0OVI0DVO000900
felolslolelele BlsTlelclalololaelalelalale ola ololelo o ole o mlo ol

Y EEEEEEEEEEEEEEEE N NN E NN EEREREEEESIAAI
OOoODUUOUOLVOLVUOOCOUOOCOUOOLOQQOVOQU

O OOUNIN rtrd == NN N B PN TG MN=1O P D OT=M--0 B Qntiniviin iy
O OUNCIND O OO 100D P IO NN OIS 4t pt v v ool e v LB e ek
00997511.&11-008OCOOOOOOOOOOOOOSOOOO
® 909 950980 82008 g8 g9 0PSO e ISP eOPRENE S
llcccoccccccccccccccc-cccccacgcc

QOO0 VOVN~OMN=N A -3 QPO QIO DN PN DN OO
Ogco9eaé6544604014219%665544*4333
O OO0OQPRRVI=YNTMMINN~=I~D 0 TFOT OO0
0...OO0.0.....Q.....O.....Clﬁ.‘.d'.
=t OO0 000 0000000000000 ODOO0COO0000

D PV UIIIHIIIV OO IUI O QUL IOV ULIO I W
® 9 ¢ 9009 " S 0O P ¢TSS EG O 9SO e P e s TESRTI OO
QUOOTBOOVOYGOOOOCOOO0OVOVOCVO00CUO000
AP T T2 (Y@ U NS 1T T I PO P TS VR I T OO0 PN IS VDT L
T4 WO WG T W RV UMD et DO NI T IO ] 7 T WD

Tl e el vt e = ] ylemt Rl Y

WU T A e e Gt o

AR,

A

ey

51

A AT M SRy VUV Yot

o YR ISR

ARUNINY

I

2 =

v - SESPe e | XA L e o S e = =
s Sl UBRATR BORAT| | SIEES| (e

g e 4



10 DIM G¢20@),01(100),D2¢10@),K¢10A), XA 10A)
1% DIM DYNC100)

22 DED
‘ . 33 PRINT “MAX FREQ"Y
A 40 INPUT F1

%Q PRINT 1PRINT “MAX FREQ = "1F1

(AN 8 Yiwi/Fi
ke 70 PRINT “INTERVAL TIME = “y1INPUT T7
By b 80 G=T7/2/T1
& 3 BB HeINT ()
e 10Q HwH+ INT (2w iG=H) )
W) 110 Me2whkel

120 IF MY208 THEN 70
130 PRINT "INT TIHE = “yT7
148 T7wmTimM

P:ﬁ 130 PRINT "ADJ INT TIME = “yT7

4 160 PRINT “SAMPLE SIZE = “1M

v 170 PRINT 1PRINT "F/Q RATE *)

D ' 180 INPUT F2 : ¥’
Fay 198 PRINT 1PRINT “F/Q RATE = “1F2

200 PiwFIw(M=1)wT1/T60Q
s 2i@ PRINT "BF w 4ypi

K 120 PRINT IPRINT “INPUT DIP ANGLE (i=YES, @=NO)"t1INPUT A
ol 2TH IF A= THEN 280
N 248 PRINT “DIF ANOLE PHI “y#INPUT F
I : 230 qOTO 440
o 280 DED IL1-7GIL¢-100
e 270 PRINT IPRINT “LATITUDE ")
' , ire INMUT L
: 298 SRINT IPRINT “LONGITUDK 9
o . ID8 INPUT O
AN 310 PRINT IPRINT “LAT = *ILISRINT "LON = *10
8N TR0 FuRINCQ=-L2)#COE (L) 10»COBL0~L2) HCUB (L) 1 HWE INGL)
. TR UmQrVun
! a9 QOWUD 1900
M TED JeJ-(G@-L1) 1GKWGINCT) 1 HWKWCOS ()
o J6Q UmgaVag
2. 37O OONUD 1900 '
i) JHQ Fuii Q@ s R (COBCL L) WEINCT) ) U m= (COBCLL ) WCOB(I))
éq{ ' 390 UmidsVep
W 428 ACSUD 1989
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Ak 40 PAINT 1PRINT “DIPOLE COUREK “yiINPUT C1IPRINT “DIPOLE SPRED “viINPUT Vi
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PRINT tBRINT “SENGOR COURSE “v1INFUT CQePRINT "GENEOR SMEED “ysINPUT V2
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o 498 00sUD 19080
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SZ8 PRINT IPRINT “VERT ANGLE OMEGR "1 1INPUT B
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‘ 60@ PRINT 1PRINT "EARTH FIELD "53INPUT E1
, 610 GOTO &30
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) " 6@ PRINT 3PRINT “EARTH FIELD = “1E1

Vi G40 MawQ 1MSwd 1 ME=d
‘ B850 PRINT 1PRINT “INPUT PERM MOMENTS (1=VYES, 3=NO) "yt INPUT AR
) 6E3 IF AR=3 THEN 630
‘s ‘. <70 PRINT SPRINT “LONG MOMENT “91INPUT MGIPRINT *TRAN MOMENT "1 INPUT MS
2 8808 PRINT “VERT MOMENT “3y31INPUT M6
$!ﬂ PRagT IPRINT “LONG MOMENT = " 1MAIPRINT “TRAN MOMENT = “sMES1PRINT “"VERT MOMEN
' ‘- - “‘
. 738 Kim?7,JiKZIwl, . BRKInl, B
ol 718 PRINT 1PRINT “DISPLACEMENT "y
e /20 INPUT N1
: 4 7TQ PRINT tPRINT “DISPLACEMENT = “yNi
¥, ToS NNLwN1
! 7A@ MIWELWRTUNIWGINCF) 1MTwMSaME
TEE MBwZiaCOS (FYWNLR(KInCOB(CL)wCOB(CL) +K2HIINCCLIWEGINCCL))

i 78D MimMAWGINCCL ) +MIWCOSCC1) IMZuMANCOS (C1) ~MBWSINCCL)
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o =0 XwPy
i, asa 0QHUN 1920
0ty 870 VEaY

N GUD V7mrbi( 1~2/3/M+YBARC2//M)) AT
' 893 PRINT IPRINT "VERT SEPARATION “¥31INPUT 2

%20 PRINT IPRINT "VERT SEMARATION = "1Z

. 910 PRINT IFRINT “NOISK v
;c, . 920 INPUT 8%

13 229 42e8iva
] 930 PRINT 1PRINT “NOISK = *18i1
%] . 242 PRINT IPRINT “MAX LATERAL. RANGE *11INSUT RS

A _ 90 PRINT IPRINT “NUNBEN OF INCREMENTS *1(INPUT N7
B SER PRINT IPRINT “MAX LATERAL RANGE « *YREIPRINT “NUMBER OF INCREMENTS = “yN?7
' SK4 PRINT tPRINT * ORF “yiINPUT QRF

| SEE PRINT 1PRINT * ORF = “ygar
Py 970 DAmRE/N7INGuZN7
b 274 PRINT sPRINT * ALFHA *11INSUT AL
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1178 FOR I=1 TO N8
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1190 NEXT ¢
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119 FOR 1=t TQ N8B
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1198 NEXT I

1200 PRINT “PD ROR X FROM "3y~RE3* TOU "IRS

128@ GOTO 1810
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"PE = “iFY
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“DIPQLE SPEED = “1Vi
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1828 LPRINT rPOCEL)

ILPRINT “LTR RNG  PD(CC) PR COPTY*
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NEXT I
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UKs /K1 VKaY /K

IF UX)>0.999999 AND VK) Q. 559999 THEM Jwd:RETURN
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IF VK7 @.999999 THEN J=@:RETURN
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IF 0@.3 THEN Ym=y

RETURN

YRX1IF X(@ THEN Y=-Y
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RETURN

55

NSRRI AN

. ,),'+ )ttt
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ADJ IRT TIME o 20, I5355550
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F/A RATE = 3

* 7 = 9. 01666BE666
LAT = 3@
LON = 6@
PHI = 53.40076979
DIPOLE COURSE w» 43
UIPOLE SPEED = 19
SENEOR COQURSE = 315
SENSOR SPEED = 220
REL COURSE = I12,397438
REL SPEED =220.227173
EARTH FIELD = S2306. 9517
LONG MOMENT = @
TRAN MOMENT = @
VERT MOMENT = @
DISPLACEMENT = 4020
P = EX2694892
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1
1
1
1
a.
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Q. 034
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MAX LATERAL RANGE = 1703
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?. 0466
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Q. esa1 2
Q. 2233 2
@d. 8743 a
. 9973 2E-Q4
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2.86868
8.9774
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Q. 9774
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@. 16@%

2359 3. 0137
@. 7ET4 2E-24
Q, 2189 Q
Q. 3677 a
Q. @Y1 a

@, 9226
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©.0131
0.0148 2
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