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complete revision of the two detection models on which the program
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dipole signals.
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I. Introduction

This report contains user instructions, a listing and

documentation for a microcomputer BASIC program that can be used

to compute an estimate of the probability that a magnetometer

based detection system such as the AN/ASQ-81 will detect a

submarine magnetic dipole field during an encounter.

The program generates detection probabilities based on two

encounter models. In the first encounter model, the detection

system uses a crosscorrelation detector. In the second encounter

model, the detection system uses a square law detector. Relative

to operationally realizable values, probabilities based on the

first model represent upper bounds and those based on the second

model represent lower bounds. For both encounter models, the

signal is proportional to the square of the magnitude of the

projection of the dipole field on the earth magnetic field and

the magnetic noise does not change with changes in the position

of the magnetometer. Also, for both encounter models, an

encounter is a straight line encounter with constant vertical

separation.

The encounter models can be interpreted as models of a

magnetic anomaly detection (MAD) system on an aircraft that is

moving with constant course, speed and altitude in an encounter

with a submarine moving with constant course, speed and depth.

Or, they can be interpreted as models of a stationary magnetic

anomaly detection system in an encounter with a submarine moving

with constant course, speed and depth.
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The program parameters include: encounter latitude and

longitude, submarine induced magnetic moments, submarine

permanent magnetic moments, submarine course, speed and altitude,

magnetometer course, speed and depth, encounter lateral range

(the horizontal range at the closest point of approach in a

straight line encounter) and false alarm rate. (In the program,

a false alarm is the event that the detection system classifies

noise as a dipole signal.)
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II. Program User Instructions

As listed in Appendix 10, the program can be run under a

BASIC language that is compatible with IBM PC BASIC. If the

listing is used to enter the program through the keyboard, then

the program should be saved with the name MAD.BAS or the value of

N$ on line 40 should be changed to the file name under which it

is saved.

The program contains user instructions in the form of query

and parameter limitation messages. As an example of the former,

after starting the program under BASIC, the following message

should appear:

Magnetic Anomaly Detection (MAD) Lateral Range Function

generate or print a program data file (g/p)?

By entering p, data can be printed from a program data file

that was generated by the program. By entering g, a program

data file can be generated for a set of user specified

conditions. With either response, a sequence of additional

queries is displayed. These queries require either an indicated

response or a parameter value as the input. If the initial

response is g, the sequence includes queries whose responses

determine whether or not an auxiliary data file will be generated

that can be used for future input of magnetic, processing or

kinematic lata. In particular, the first query in the sequence

gives the option of using a combined magnetic, processing and

3



kinematic data file. If the response indicates that it should be

used and the file is available, the parameter values that remain

to be entered in order to generate a program data file are the

following: the false alarm rato, the magnetic noise, the maximum

encounter lateral range and the lateral range step. The combined

file should be used only if the effect of varying just one or

more of these parameters is desired. If the response indicates

that the file will not be used, queries concerning magnetic,

kinematic and processing parameter values are displayed.

After all of the program parameter values have been entered,

a query is displayed giving the option of generating the combined

file. Then a query giving the option of generating a program

data file, a query giving the option of printing the encounter

parameter values and a query giving the option of printing

lateral range function values are displayed. The lateral range

function values are the encounter detection probabilities indexed

by lateral range. The parameters maximum lateral range and

lateral range step determine the index lateral ranges of the

encounters for which probabilities of detection are computed.

The program generates magnetic signal values that correspond

to points in time during an encounter. Following the lateral

range function query, a query is displayed that gives the option

of printing the magnetic signal values for an encounter. If the

option is exercised, the option is repeated. When the option is

not exercised, a query is displayed that gives the option of

4



generating or printing a new program data file. If this option

is not exercised, the program ends.

Some suggested guides for determining parameter values can

be found in Section IV of this report.
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IlI. Enoounter Model Limitations

In the two encounter models, the signal is the unfiltered

signal that is generated by a magnetic dipole that moves relative

to a magnetometer. Depending on the input filtering, describing

a ship magnetic anomaly as a dipole anomaly should not be a

significant limitation for an encounter slant range at the

closest point of approach (CPA) that is greater than one hull

length. The detection decision is based on samples from a single

time interval (window) that is centered on the CPA. The length

of the sampling interval and the sampling rate are parameter

values that are inputs to the program. In terms of signal-to-

noise ratio, there is an optimum sampling interval length

(integration time) and sample rate. Although dipole signal

energy is not symmetrically distributed about the CPA time, for a

given sampling interval, the difference between the signal energy

for the optimum interval location and the CPA centered location

should not be significant in most cases.

The encounter model magnetometer noise samples are

determined by a gaussian random process. They are values of

independent identically distributed normal random variables. The

standard deviation of these random variables is referred to as

the magnetic noise and the variance is the noise in the sense of

the signal-to-noise ratio. The degree of correspondence between

this process and operational noise depends on the nature of the

dominant operational noise sources and on the magnetometer input

filtering (noise whitening).

6



In the encounter models, the intervals are adjacent but not

overlapping and a detection statistic corresponds to each sample

interval and its value is determined by the sample values. If

the value of the detection statistic for an interval equals or

exceeds a threshold value, a detection is indicated. The

threshold value is determined by the false alarm probability

which in turn is determined by the false alarm rate and the

sampling interval length.

A detector that used a moving sample interval that was

generated by replacing the oldest sample by the newest one would

correspond more closely to the detector in an operational

detection system. In a model of the detector, since the sample

windows overlap, the detection statistics would represent a

sequence of random variables that were correlated over an

interval equal to the width of the sample interval. Because of

this dependence, it seems unlikely that the results that would be

obtained with an encounter model based on an overlapping interval

detector would differ significantly from those obtained with an

encounter model based on a nonoverlapping interval detector.

For encounter lengths of the order of a few nautical miles

or less, the straight line encounter condition should not be a

significant limitation. In particular, this should be the case

for a fixed magnetometer since, for a submarine (or surface ship)

target, vertical separation and course changes should be levs

likely to occur.

7



Other models are available that can be used as the basis for

computing an estimate of the probability that a magnetic anomaly

detection system will detect a submarine during an encounter.

For example, one that is described in Appendix 8 can be used to

determine the slant ranges of straight line encounters for which

the detection probability is equal to a specified value. The

parameter values that are required to do this are an average

submarine dipole moment, a detection system capability factor and

a noise factor. Values for these parameters can be determined

from operational data. However, the values are specific to

averages over a particular set of encounter conditions. An

advantage of the two encounter models relative to this model is

their adaptability to different magnetic, processing and

kinematic conditions.
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IV. Parameter Values

The magnetic parameter value queries are generally

explanatory with regard to the value that should be entered.

This is also true of the kinematic parameter value queries.

However, there is some ambiguity with respect the processing

parameter value queries and the noise parameter value query. To

reduce this ambiguity, a brief discussion of the common

characteristics of the two encounter model processing parameters

and the noise parameter is given below. This is followed by some

guidelines for choosing these parameter values.

In both encounter models, a decision is made at the end of

each sampling interval. The decision is either noise energy was

present during the interval or noise energy plus signal energy

was present during the interval. The sample intervals are

adjacent, equal width, nonoverlapping time intervals. The number

of samples that are input in a sample interval is determined by

the sampling rate and the interval length.

The program default choice for the sampling rate is 2.MAXF

where MAXF is a parameter that is labeled the maximum magnetic

signal frequency. This sample rate is the Nyquist rate for an

ideal low pass filter. However, the signal in a sample interval

that is computed by the program represents an unfiltered dipole

signal. This is a reasonable approximation if the signal energy

that is associated with signal components greater than MAXF is

relatively small. As discussed below, the noise energy in a

sample interval should be considered to be proportional to MAXF
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in order to be consistent with the encounter models. Ideally, a

default choice for MAXF would make the ratio of the signal energy

to the noise energy a maximum for the sampling interval of an

encounter. The program default choice for MAXF is 2"MAXVM/MINRO

where MAXVM is a user estimated maximum encounter relative speed

converted from knots to meters per second and MINRO is a user

estimated maximum slant range at CPA in meters in terms of a just

detectable target. (A precise definition of a just detectable

target can be made in terms of a specified detection probability,

false alarm probability and target dipole moment.) The default

choice for MA•:F is consistent with the observation in Reference I

that if an optimum value for MAXF is determined for a minimum

dipole moment target, then no significant increase in MAXF is

required in order to maintain a required detection probability if

the encounter lateral range is decreased even though the signal

energy spectrum is shifted to higher frequencies.

Because of the detection statistics and the gaussian noise

model, if there were no penalty for decision delay, a sample

interval length for a signal should be chosen equal to the signal

duration, since this would make the detection probability for an

encounter a maximum. In the program, a default choice for the

sample interval length (integration time) is 2.MAXROiMINVM where

MINVM is a user estimated minimum encounter relative speed

converted from knots to meters per second and MAXRO is a user

estimated maximum slant range at CPA in meters for a detectable

encounter (in terms of a specific detection probability and false
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alarm probability) with a user specified maximum dipole moment

target. This choice might be considered a balance between

minimizing decision delay and maximizing detection probability.

In the encounter models, the sample intervals are located so that

the CPA time is at the center of a sample interval and this

sample interval is the only one that contains signal energy.

This characteristic is consistent with the default choice for the

sample interval. For a given sample interval length, although in

general the interval location is not the optimum one in terms of

signal energy, it should be approximately so in most cases.

The program noise parameter is SIG. It represents the

standard deviation o associated with the magnetic noise process

of the two encounter models. In terms of the ideal low pass

filter implied by the encounter models, its square should be

equal to MAXF'(SIGO) 2 where SIGO is the magnetic noise process

constant power spectral density. The program does not enforce

this relation. Therefore, in using the program, the implied

relation between the two input parameters: magnetic noise and

maximum magnetic signal frequency should be kept in mind. If an

average value of the peak-to-peak magnetic noise for an encounter

can be estimated, for example from a magnetometer trace, then the

value for SIG should be chosen so that the estimate is 4 to 6

times this value.
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Appendix 1. The Detection Statistics

In this appendix, y,, y2, ... , ym are sequential values

(voltages) representing the sample values in a sample interval.

They are the input to a magnetometer's detector. With these M

sample values, the detector computes the value of a detection

statistic. This value is represented by x and the detection

decision corresponding to the sample interval is determined by

the decision rule: If x Ž x', then the input during the sample

interval was noise plus signal, otherwise, the input was noise.

For both encounter models, the detection probability and the

false alarm probability are decreasing functions of x" and the

relation is one-to-one in both cases. In the program, the false

alarm probability PF is used to determine a unique value of

the threshold x*. This value is then used to determine a unique

value of the detection probability PD.

In the program, PF is found using the relation PF = R.6t

where R is the false alarm rate in false alarms per second

and 6t is the sample interval length in seconds. This relation

is based on the following argument: With no signal energy in a

sample interval, y, = n,, y. = n2 , ... , y = n. where n,, n2 ,

, n. are noise values (voltages) input to a magnetometer's

detector that are values of independent normal (gaussian) random

variables, each with mean zero and standard deviation a.

Because of this, in the encounter models, values of x for

different sample intervals are the values of independent random

variables that determine two outcomes: x x" or x < x'.
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Therefore, PF is the same for each sample interval and, in

terms of these outcomes, the sequence is a series of repeated

independent Bernoulli trials and the expected number of trials

between false alarms is 1/PF. Since the time between trials is

St, the expected number of seconds between false alarms is 6t/PF

and the expected number of false alarms per second is equal to

PF/6t. So, R = pF/6t.

The determination of x" depends on the encounter model

statistic. For both encounter models, when there is a signal,

y,= n, + s,, Y2 = n2 + Y2, ''" , yM = nm + sm where s,, s2, ...

sM are signal values (voltages) input to a magnetometer's

detector. The models imply that the signal values s = c.

where c is a constant whose value is determined by the

characteristics of the encounter magnetometer and where the Hs

are dipole magnetic signal intensities. The models also imply

that the noise values n are determined by a gaussian stochastic

processes characterized by a standard deviation a and that

n = c.HN + n' where the HN are magnetic noise intensities and

the n' are magnetometer instrument noise values (voltages). In

the program, the magnitude of c is 1. Since, for both models,

PD depends only on the ratio of signal energy to noise energy

for a sample interval, this is a satisfactory choice for the

program if instrument noise process is assumed to be independent

of the magnetic noise process and to be expressed in terms of an

equivalent magnetic noise H = (l/c).n'.

13



For both encounter models, the signal (the average signal

power) S = (l/M)'E sK2 and the noise (the expected value of the

average noise power) N = a' so that the signal-to-noise ratio

is (1/M) .E s/a2 where the sum index K - 1, 2, ... , M.

The Crossoorrelation Detector Statistic: The statistic for the

first encounter model is a crosscorrelation detector statistic

that is defined by the sum

X Z YK'SK

where the summation index K = 1, 2, ... , M and the sum is over

the values corresponding to a sample interval. For the first

encounter model, the characteristics of both the noise and the

signal are required in order to determine encounter detection

probabilities. In particular, the signal values for an encounter

are in the memory of the detector prior to the encounter. For

the encounter conditions and a specified false alarm probability,

the statistic is optimum in the sense that the encounter

detection probability for this statistic is at least equal to

that for any other statistic. Because of these considerations,

encounter probabilities based on the crosscorrelation statistic

can be considered to represent upper bounds on detection

performance against dipole targets for magnetometers of the type

described by the models.

For a sample interval without signal energy, x is the value

of a normal random variable with a mean gx = 0 and a variance

ax = o2 .Z sK2 where a is the standard deviation associated with

the noise process and the sum index K = 1, 2, ... , M and the

14



sum is over the values corresponding to the sample interval.

This implies that

PF = 1 - P(x'/ox)

where P(z) is the standard normal cumulative distribution

function. This relation is the basis for determining the

threshold value x'.

For the sample interval with signal energy, x is the value

of a normal random variable with a mean px = E s,, where the sum

index K = 1, 2, --- , M and the sum is over the values

corresponding to the sample interval. This implies that

p, = 1 - P(v - d'12 )

where v' = x'/ax and. d = E s 2/a 2 = M.S/N. This relation is the

basis for determining encounter detection probabilities for the

first encounter model. The relation implies that for a specified

false alarm probability p, the detection probability PD is an

increasing function of the signal to-noise ratio S/N.

The Square Law Detector Statistic: The statistic for the second

encounter model is a square law (energy) detector statistic that

is defined by the sum

x = 2 yK2

where the sum index K = 1, 2, ... , M and the sum is over the

values corresponding to the sample interval. For the second

encounter model, only the characteristics of the noise are

required to determine encounter detection probabilities.

15
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For a sample interval without signal energy, xla2 is the

value of a chi-square random variable with M degrees of

freedom. This implies that

PF = 1 - P(x'/a 2 IM)

where P(x'/a2 IM) is the chi-square cumulative distribution

function for a chi-square random variable with M degrees of

freedom and where a is the standard deviation associated with

the noise process. This relation is the basis for determining

the threshold value x'.

For the sample interval with signal energy, x/a 2 is the

value of a noncentral chi-square random variable with M degrees

of freedom and noncentral parameter E s, 2/o where the sum index

K = 1, 2, M, and the sum is over the values corresponding

to the sample interval. This implies that

PD = 1 - P(x'/C2jM, Z sK2/a2)

where P(x/a72 1M, Z s, 2/C72) is the cumulative distribution

function for a noncentral chi-square random variable with M

degrees of freedom and noncentral parameter E sK2/a2= M.S/N.

This relation is the basis for determining encounter detection

probabilities for the second encounter model. The relation

implies that for a specified false alarm probability p,, the

detection probability p, is an increasing function of the

signal-to-noise ratio S/N. This is made more evident by the

following relation:

P(x'/a 2 lM, : sK2/02) = E((aJ/J!) .exp(-a) .pX'/021 (M + 2.J)])

16



where the parameter a = (1/2).E sK2/a 2 _ (M/2).(S/N), the sum

index J = 0, 1, 2, ... and the sum index K = 1, 2, ... , M.

Note, since P(x'/a0IM) : P[x'/0 2 1(M + 2'J)] for J = 0, 1, 2,

the relation p. Ž PF is satisfied.

17



Appendix 2. Program Probability Calculations

The program evaluates the cumulative and inverse cumulative

distribution functions using approximations described in

Reference 2. These approximations are listed below.

The Standard Normal Cumulative Distribution Function

Approximation:

P(z) = 1 - s't'(b, + t'(b 2 + t'(b 3 + t'(b, + t'b5))))

where s = (1/(2-r)'/').exp(-z/2) and t = l/(1 + bo.z). And

where

b0 = .2316419, b, = .319381530, b2 = -. 356563782,

b4 = -1.821255978, b5 = 1.330274429,

and z Ž 0. For z < 0, P(z) = 1 - P(IzI).

The Inverse Standard Normal Cumulative Distribution Function

Approximation:

z(P) = t - (cO + t.(c, + t c 2))/(1 + t.(d, + t.(d 2 + t d3 )))

where t = (ln(i/Q2)) /2 and Q = 1 - P. And where

co = 2.515517, c, = .802853, c, = .010328,

d, = 1.432788, d 2 = .189269, d3 = .001308,

and .5 • P < 1. For 0 < P < .5, z(P) = -z(l - P).

The Inverse Chi-Square Cumulative Distribution Function

Approximation:

v(PIM) = M[Il - 2/(9"M) + z"(2/(9'M))"2]3

where P(z) = P(vlM). In the program, the inverse standard

normal cumulative distribution function approximation is used to

determine z.

18



The Noncoentral Chi-Square Cumulative Distribution Function

3pproximation:

p(wjM,y s/ a2) = p(Z)

where z = [2.w/(l + b))1 /2 - [2.a/(1 + b) - 1)1/2 with

a = M + E s2/a2, b = ( K s2/a 2 )/(M + E sK/ a) and the sum index

K = 1, 2, M.' , M. In the program, the standard normal

cumulative distribution function approximation is used to

determine P(z).
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Appendix 3. The Magnetic Signal

The encounter models are defined by the following

conditions: A submarine magnetic anomaly field is a magnetic

dipole field that is superimposed on an earth magnetic field that

is constant over an encounter region. A magnetometer magnetic

signal value is the magnitude of the projection of a dipole

magnetic field on the earth magnetic field at the location of the

magnetometer. The basis for determining magnetic signal values

in the program is an expression that can be developed as

follows: In the right handed rectangular coordinate system that

is shown in Figure 1, a magnetic dipole is at the origin, the xy-

plane is the horizontal plane at a representative point in an

encounter region, the positive y-axis is in the direction of

magnetic north, the positive x-axis is in the direction of

magnetic east and the positive z-axis is positive upward. In

this rectangular coordinate system, the constant earth magnetic

field can be expressed by HE = HE.(J-cos 4 + k.sin 0) where 0

is a magnetic dip angle and HE is a magnetic field magnitude

that characterizes the earth field in an encounter region.

In a spherical coordinate system with the origin at the

magnetic dipole and the polar axis in the direction of the dipole

moment, Ha = (c p/r 3).(2.r cos e + 9.sin 9) is the magnetic

field of the dipole at a point whose spherical coordinates are

(r,r,e). In this expression p is the magnitude of the dipole

moment and c is a constant whose value is determined by the

choice of units. The magnetic signal for a magnetometer that is

20



Magnetic
yNorth

y

H/H

Hd/Hd

r

SMagnetic dip ol evEast

r 
Polar 

Axis

Figure 1. A unit vector in the direction of the earth field and a

unit vrctor: in the direction of the dipole field of a

dipole at the origin are shown at a point that is a

distance r from the dipole. The unit vector h is

in the direction of the horizontal component of the

dipole moment.
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described by the encounter model@ is No w N#'-VH when the

maqnetometer to at the point (rrS) an~i NH can be expressed in

torms of the rectangular coordinate syptem as toelowsi First,

lot t, be a unit vector in the direction of the spherical

coordinate system polar axis. Then the magnetic dipole field

- (~p/r),(3,r-oos S - to)

sinee r w (lx + J y + ka)/r where r a (xO + y' + a0),

0 - ((r, x r) v ri/sin * - ((z-r,) r - (art) ro]/hin 0, and the

dot product rr. - acoo G, The unit vector a, can be expressed

in the reotangular coordinates by noting that t. = p/p and then

expressing p in rectangular coordinates, To do this, lot fl

be the depression angle of p from the xy-plane (the horiaontal

plane) with n positive downward and let a be the direction of

p relative to magnetic north. Then the magnetic dipole moment

p - p.(h'cos A - kasin n) in terms of the unit vector k and

the unit vector h - i-sin a + J.cos n which has the direction

of the horliontal component of p. With those results, the unit

vector r0 - i.(cos n.emn a) + ,.(cos n.cos a) - k-sin 0 and

H. - (c~p/r').(3/r).coa e.(y coa 9 - z!sin 4)

- (coo #-cos Acorn a 4 sin #-sin A)]

where cos 0 - (1/r).(x cos n.sin a + y-com n-cos a - a-sin A)

since coo B - r'r,. As can be seen from this expression, for a

constant dipole moment magnitude and direction and a constant

earth field magnitude and direction, the magnetic signal is only

a function of the rectangular coordinates of the location of the

magnetometer relative to the dipole. In the encounter models,

22



both of these conditions are satisfied. Hovever, by allowing p,

nl, a, No and * to vary, the expression for N, is applicable

to more general encounter models,

23
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appendix 4, The Andorson Formulation

In the encounter modelp, the magnetic rignal Hge at a

amcple point in a ntraight line encounter 1an be reprehented in a
form described by Anderson in Reference 4. For convenience, the

Anderson formulation in used in the program to determine values

for H.. It can be developed an followat in Figure 2, the

primed rectangular coordinate system in superimposed on the

rectangular coordinate system of Figure I so that the origin is

coincident with the origin of that system. A magnetometer is iii

a straight line encounter with a magnetic dipole that is located

at the origin of the combined system. The combined system moves

with the magnetic dipole with the x1-axia oriented so that it in

parallel to and in the direction 0 of magnetometer's relative

to the magnetic dipole and the a'-axis oriented so that it in

directed toward and pasnem through the CPA on that track, Let

1, m, and n be the direct$on nosines of the dipole moment p

and 1,, m, aiid n, be the direction cosines of the earth

magnetic field Nt in the primed system, Then the unit vector

r0 - i',l + j',n + k',m, And, for points on the relative track,

X- a', y' - 0 and z' - R where R is the slant range of the

dipole at CPA and where a' is the algebraic distance of the

magnetometer from CPA on the relative track. (It is negative for

points before CPA and positive for points after CPA.) This

implies that magnetometer position vector in the moving

coordinate system is r i',(s'/r) + k',(R/r).
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Relative Track of the
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CPA ,Magnetic
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x

Figure 2. The dipole is at the origin in the unprimed and primed

coordinate systems. In the primed coordinate system,

the CPA is at (0, 0, R) and, for a time t during

the encounter, the magnetometer is at [s'(t), 0, R).
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From Appendix 3,

R, - (c-p/r3) .(3.rcvom e - r.).

With r and r. expressed in terms of the primed unit vectors

and coo 0 - rra, I 1'(sa/r) + n-(R/r), this becomes

N,- (cp/r 3 ) ,(3/r'), (Is' + n'R) '(°'s' + k' IR)

- (i'1 +J.xm + k'.n)H.

Then, since 31 /H. - i' .11 + j' .m, + kIt .n, and H. - N./H,

Hg - (c-p/r') . (2.l.1, - rem, - n-n,) . ( )a

+ 3.(n.l, + 1'n,) a' IR + (2'n'n -n'1, -mm,) R'].

The quantities

A,- 2-1-1, - zem, - n-n,

A, 3,(n'l, + l'n,)

Ak- 2.n-n, - I.1, - r.m,,

are the Anderson coefficients. With r - (s')' + R']'` and

3 - s'/R, H, can now be expressed as follows:

H, (B) - (c-p/R3 ) EZ A,.F,(B3)

where the F,(13) - S3"/(l + B)' for J - 0, 1, 2 are the

Anderson functions. This is the Anderson formulation.

To relate the Anderson formulation for H. to the

formulation for H, in Appendix 3, first note that

1 -r.

m- r 0 .j'

n =rok'

and
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F-

M, -(Rg/H,) .i

n,- (s/ Hg).k'.

Then express r., (34/H,) and the unit vectors i', J' and k'

in terms of the unit vectors i, j and k and take the

indicated dot products. From Appendix 3,

r. - i,(cos n-sin a) + J,(cos nfoon a) - k-sin n

and

H/H- j cos 9 + k-sin 9.

To express il, J' and k' in terms of the unit vectors i, j

and k, note that the unprimed coordinate system -an be

transformed to the primed coordinate system by two rotations that

are defined as follows: First, rotate a coordinate system that

is coincident with the unprimed coordinate system about the

z-axis through the angle (0 - r/2) with positive angles clockwise

(left hand rule) so that its x-axis is parallel to and in the

direction of the relative track. Next, rotate this system about

its x-axis through an angle 6 with positive angles

counterclockwise (right hand rule) so that the positive z-axis

passes through the CPA. The angle 6 is related to the

vertical separation z0 of the magnetometer and the dipole and

the algebraic encounter lateral range L that is positive if the

dipole is to the left of the relative track. With these sign

definitions: L - Rsin 6 and z0 . R-cos 6. After the

27
A



rotation, the auxiliary coordinate system is coincident with the

primed coordinate system.

These transformations can be described in terms of matrix

equations as follows: Let (x",y",z") be the coordinates of a

point in the coordinate system that is coincident with the

auxiliary coordinate system after the first rotation. Then the

transformation from the unprimed coordinate system to this double

primed coordinate system is described by the matrix equation

X" sin 0 cos 0 0 x

y -v -cos 0 sin 0 0 y

Z1" 0 0 1 z

And the transformation from the double primed coordinate system

to the primed coordinate system is described by the matrix

equation

x 1 0 0 X"

y = 0 cos 6 sin 6 y"

z 0 -sin 6 cos 6 z"

Taking the product of the rotation matrices in the indicated

order yields the matrix equation

x' sin 0 cos 0 0 x

y' -cos 6.cos 0 cos 6.sin 0 sin 6 y

z' sin 6*cos 0 -sin 6'sin 0 cos 6 z
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which defines the transformation from the unprimed to the primed

coordinate system. The unprimed vector components of the unit

vector il can be found by transforming the coordinates (1,0,0)

in the primed system to their corresponding coordinates in the

unprimed system with the inverse of this matrix and then

repeating this process for (0,1,0) and (0,0,1) in order to find

the unprimed unit vector components of J' and k. However,

since the inverse transformation matrix is the transpose of this

matrix, the elements of the row that corresponds to a primed unit

vector are the magnitudes of the unprimed vectors that are its

components. Consequently:

'- isin 0 + Jcos $

-' -i.cos -6 -cos 0 + j-cos 6-sin 0 + k-sin 6

k' i-sin 6.cos 0 - J-sin 6*sin 0 + k-cos 6.

Then, taking the dot products between r, r 0 and these three

unit vectors as indicate above gives:

1 = cos n-cos (0 - a)

m = cos 6.cos n -sin (0 - a) - sin 6.sin n

n = -sin 6.cos n.sin (0 - a) - cos 6.sin n

and

cos .cos 0

m, = cos 6.cos O.sin 0 - sin 6.sin 0

n, = -sin 6.cos 0.sin 0 - cos 6.sin 0.

These are the relations that are used in the program to determine

values for the Anderson coefficients.
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Appendiz S. The Encounter Equations of Motion

In the double primed coordinate system that is defined in

Appendix 4, the equations of motion of a magnetometer relative to

a submarine (dipole) are:

X"1(t) - ,, (t)

y"(t) - -L

z"(t) - Zo

where L is the algebraic encounter lateral range that is

defined in Appendix 4, z0 is the vertical separation between the

magnetometer and the submarine and s'(t) is the distance of the

magnetometer from the CPA on the relative track. With w the

speed of the magnetometer relative to the submarine and t a

relative time parameter, s'(t) = w-t . These equations can be

considered to be the ones used in the program to describe the

motion of a magnetometer relative to a submarine. There, t is

determined by t = [J - (M-1)/2]'6t where the index J = 1, 2,

... , M and 6t, a time step, is the time between samples. Note,

when t = 0, the magnetometer is at the CPA.

In the coordinate system of Figure 1 in a straight line

encounter as defined in the encounter models, the equations of

motion of a magnetometer relative to a submarine can be written

as follows:

x(t) - s'(t).sin 0 + L-cos 0

y(t) - s'(t).cos 0 - L-sin 0

z(t) = zo,

30
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since the transformation from the double primed coordinate system

to the primed coordinate system is determined by the matrix

equation

x sin 0 -cos, 0 x"

y cos 0 sin 0 0 y"

z 0 0 1 z"

x" M s'(t) and y" - -L. The above equations and the expression

for Hs in Appendix 3 could have been used in the program to

evaluate the magnetic signal. In particular, with these

equations of motion and with the two relations L = R-sin 6 and

z0 = R-cos 6, the expression for H, in Appendix 3 can be written

in terms of n, a, 0, 0, 6 and R so that it is identical in

appearance to the Anderson formulation for H. in terms of these

quantities. The definition of 6 in Appendix 4 in terms of a

counterclockwise rotation results in a definition of the

algebraic lateral range that is consistent with some that have

been used elsewhere.

In the program, the relation w = v - u is the basis for

determining the relative speed w. In this relation, v is the

velocity of the magnetometer, u is the velocity of the submarine

(dipole) and w is the velocity of the magnetometer relative to

the submarine. This relation implies the following equations:

w. = v, - ux, wy - vy - uY and w, = v, - u, where the coordinates

x, y and z refer to a fixed coordinate system with the same

orientation as that of Figure 1. In the encounters of the
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models, v, - v-sin a, vy - v-cos a and v. - 0 where a is the

magnetic course and v is speed of the magnetometer. And, in

addition, u, - u-sin B, uy - u-cos B and u, - 0 where B is

the magnetic course and u is the speed of the submarine. The

relative magnetic course * and the relative speed of the

magnetometer are defined by w. - w-sin 0 and w, - w-cos *. In

the program, 0 and w are determined with a rectangular to

polar conversion routine where w - ( w." + WY )2)2 and where 0

is determined by sin" (wlw) and cos" (w./w).
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Appendix 6. The Submarine Xagnetic Dipole

In the encounter models, the magnitude and direction of a

submarine's dipole moment p are determined by first determining

its components in the rectangular coordinate system of Figure 1.

In that coordinate system,

p. = (P.p + Pu) 'sin B + (prp + p,) .cos B

Py = (pp + Pu) cos B - (p,, + pN) sin B

p, - -(pV +

where B is the submarine's magnetic course, pp, pp and pv

are the permanent and Pu, P, and p. are the induced

longitudinal, transverse and vertical magnetic dipole moments of

the submarine. These relations are based on the following sign

convention:

PL is positive when PL is directed from stern to bow.

p, is positive when PT is directed from port to starboard.

Pv is positive when pv is directed downward.

The permanent dipole moments are input parameters in the program

and the induced dipole moments are determined in a way that is

similar to one that is described in Reference 1. In the

encounter models, a submarine is a ferromagnetic prolate

ellipsoid with the major axis the submarine's longitudinal axis

and the equal minor axes the submarine's transverse and vertical

axes. And, the induced dipole moments are:

Pu = kHEL

pIA = kvREV
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where KEL, HN and KEv are the vector components of the earth

magnetic field in the rectangular coordinate system defined by

the ellipsoid axes and the submarine magnetic moment sign

convention. The magnitude of these vector components are:

HEL = HE'COS *'COS B

HET= -HE'cos #-sin B

HE = HE-sin 9.

The earth magnetic field dip angle # and the earth magnetic

field magnitude HE can each be chosen to be input parameters in

the program or the can be computed by the program as described in

Appendix 7. (Values for 4 and HE can be found from magnetic

data charts, for example, see References 5 and References 6.)

By using the above relations,

p, = HE-cos '(kL - kT) -sin B'cos B + (p•'sin B + py.cos B)

py = HE-COS *(kL'cos 2B + kT.sin2B) + (p•.cos B - p•..sin B)

p. = -(HEkv sin 0 + pvp)

In the encounter models, the values of the permeability

coefficients kL, kT and kv are related to submarine

displacement by the following relations:

kL = f 1 .W

kT = fT.W

S= fv'W

where W is the submarine displacement in tons and fL, fT and

f, are permeability factors that are determined by a submarine's

magnetic characteristics. In the program, the units of HE are

gamma, the units of p are in oersted-centimeter3 , the units of
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k are oersted-oentimeter/gamma and the units of f are

oerated-centimaeterl/gamma-ton. If the units of H, were gamma,

but the unit. of p were gamma-foot', then the units of k

would be foot' and the units of f would be foot'/ton. To

convert p in gamma-toot' to oersted-centimeter' or k in foot'

to oersted-centimetere/gamma or f in foot/ton to oersted-

centimeter3/gamma-ton, divide by 3.53. (The program default

values for fL, fT and f. are values from Reference I in

foot3/ton that have been divided by 3.53 to give values in

oersted-centimeter'/gamma-ton.) To convert p in weber-meter to

oersted-centimeter3, multiply by (1/(4w)] -10'0 and to convert

p in ampere-meter' to oersted-centimeter , multiply by l1lO.

Note, HE in oersted equals 10' times H, in gamma, H, in gamma

equals HE in nanotesla and HE in tesla equals He in

weber/meter2, so HE in gamma equals 10' times H. in

weber/meter? and HE in oersted equals 104 times H. in

weber/meter'.
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Appendix , the Barth Nuanette Fieli ant Dip hell*
An auxiliary magnetic field model in described in this

appendix, The model in the basis for a default choice for either

the value of the earth magnetic field magnitude parameter M, or

the earth magnetic field dip angle parameter t. Relative to

encounter model accuracy, the default values should be adequate

in most causeS

In the model, the e.,rth magnetic field is generated by a

magnetic dipole that is located at the earth's center and the

earth is a nonmagnetic sphere of radius r,, With p, the

magnitude of the dipole moment, the magnitude of the earth field

at a point is

HEH E -,H) - ('p,!/r") (3 cos'e + 1)'

where e is the polar angle of the point in a spherical

coordinate system and c is a constant whose value is determined

by the choice of units, The dipole moment is coincident with and

in the direction of the polar axis which is directed toward the

earth's southern hemisphere. In this coordinate system, at any

point on the surface of the earth:

Hk - H,,*(3'cos'8 + 1) 14

where H,~ is the value of Hf at the magnetic equator which is

defined by the points on the earth where e - 90". In terms of

the dip atigle, at any point on the earth's surface:

HE - ,HjfI-(3 COS'O + 1)
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This empremmion can be obtained by noting that * can be

defined In terms of the or the r and 0 components of N1 in

the spherical coordinates as 0ollowat

sin * a -H,/Nt -2'K' (aoce )/K,

and

coo #t- /H, - tHw' (sin *)/Ht,

based on these relations,

((sin 2)/ ci goo#'# a (H.)'

and

H, i (sin)/4 + 0o0'01'" - 2'Ho'(3'co'a -f 1)"

The dip Angle i* determined from a magnetic latitude for the

encounter region.

The magnetic latitude and longitude of the representative

point of an encounter region can be defined in terms of its

geographic latitude and longitude by using the following

transformations: First, convert the latitude and longitude of

the point to rectangular coordinates in a right-handed coordinate

system whose origin is dt the center of a spherical earth, whose

positive z-axis passes through its north geographic pole and

whose positive y-axis passes through the point on its equator

with latitude 0' and longitude 0". Next, rotate a coordinate

system that is coincident with this system in a clockwise

direction (left hand rule) about its z-axis so that its positive

y-axis passes through the point with latitude 0" and with

longitude equal to that of the north magnetic pole. Then, rotate

the system in a clockwise direction about its x-axis so that its
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positive a-axis passes through the north magnetic pole. Next,

transform the rectangular coordinates of the representative point

in this system to its coordinates in the spherical coordinate

system that is associated with it. Then, with fl the polar

angle of the representative point in this systeme the magnetic

latitude of the representative point is IN - 9O - n. lince

tan a -2 -cot e from above and S - 110" - (I, the dip angle *

is given by the following relation|

# = tan"(2 tan 14).

In the program, the transformations described above are

accomplished in part by a rectangular to polar conversion

routine. In particular, by rotating the final rectangular

coordinate system about its z-axis do that the x-coordinate is

zero, the polar angle of the polar coordinates of the

representative point in the resulting yz-plane determines L.

Some values of 0 and H, that are listed in Table 1 were

generated using the program. The latitude and longitude of the

magnetic pole that are in the program are 76" N and 100' W.

Values of 0 from Reference 6 and of HE from Peference 7 are

also listed in Table 1. A comparison of the program values with

these values gives an indication of the errors inherent in the

procedure.
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EnMounter Enoounter Program Chart #30 Program Chart *39
Latitude Longitude Dip # Dip # Field HO Field H,•

60'N 180'W 74' 70' .63 .53
604' 150'W 78' 73' 166 .55
60'N 90'W 82" 84' .68 .61
6014 30'W 75' 74' .64 .52
301M 150'W 58' 500 .51 .41
30'N 90'W 62' 60' .55 .51
30'N 60'W 59' 59' .53 .48
30'N 30's 37' 43' .41 .42
30"N 60'E 31" 45' .39 .46
30'N 906E 30' 44' .39 .44
30'N 150'E 42" 40' .43 .40
0' 90O'W 26" 18" .38 .32
0' 30'W 9' -5' .35 .28
0' 0* -48" -25" .35 .31
0' 60"E -25' -20' .38 .37

30'S 1801W -45' -55' .44 .50
30'S 901W -30" -34" .39 .31
30'S 901E -62' -66" .55 .52
60"S 301W -69" -56' .60 .34

Table 1. Some corresponding values for the encounter dip angle

* and the earth magnetic field intensity HE in

oersted. Chart #33 refers to Reference 5 and Chart #39

refers to Reference 6.

A small difference between a chart value and a computed value for

the dip angle 0 at some location does not imply a small

difference between the chart value and the computed value for the

earth magnetic field intensity at that location. For example,

note the values for 60°N latitude and 30°W longitude.

(Positive values of 0 indicate the inclination or dip below the

horizontal of the north seeking end of a dip needle. Negative
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values indicate the inclination below the horisontal of the south

seeking end.)

An extension of the above procedure can be made for finding

the magnetic variation at a location. However, the values

generated by using the procedure are generally unsatisfactory.

Magnetic variation values are charted in Reference 7.
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appen4ix I. an Alternative Uneounter model

The alternative model that is referred to in Section III is

described in more detail in this appendix. In the model, the

detection range is the slant range R at the CPA for an

encounter with a specified detection probability (usually .5) is

defined by:

R - [c*p/H,]"3

where c and p are defined in Appendix 3 and H. represents

a minimum detectable average magnetic signal that is defined by:

H, - (ORF) .N,

where ORF is a signal-to-noise ratio called the operator

recognition factor and N. represents the magnetic noise.

Combining these two relations gives:

R - (c-p/[(ORF) .NM]))"3.

The value for ORF depends both on the specified detection

probability and on a specified or implied false alarm

probability.

The Anderson formulation is consistent with these relations

in an approximate sense if the average magnetic signal H is

defined as a root mean square value such that H = (c-p/R3 ) k

where k is an encounter parameter defined by:

k = (Z [Z AJ.Fj(K) ]I)112

with the first sum index K = 1, 2, ... , M and the second sum

index J = 0, 1, 2. For a particular encounter geometry, k is

constant and this suggests that the two encounter models could be

used to determine an average value for k for an encounter

41
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region based on average submarine magnetic characteristics.

Values for both k and H are generated by the program and such

values can give an indication of the magnitude of the differences
in detection range estimates that are based on this model and

those that are based on either of the other two encounter models.

A more detailed comparison of these encounter models is described

in Reference a.
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Appendix 9. An Example of the Program Output

The program is designed to generate values for the following

quantitiest encounter parameters, lateral range functions for the

crossoorrelation encounter model and for the square law encounter

model, average magnetic signal, slant range at CPA, encounter

parameter values and magnetic signal values. The values can be

saved as a program data file and/or they can be printed. Tables

2 through 7 are examples of the program's printed output.

Figures 3 and 5 are plots of the lateral range function

values that are listed in Tables 3 and 6 for the square law

encounter model. For either the square law or the

crosscorrelation encounter model, as the magnitude of the lateral

range increases, lateral range function values (detection

probabilities) do not approach zero but approach the value of the

encounter false alarm probability. A necessary condition for the

formal definition of sweep width given in Reference 9 to be

meaningful is that the lateral range function approach zero as

the lateral range increases without limit. Since this is not the

case for either encounter model, the formal definition of sweep

width must be modified with their use. Reference 10 provides an

example of this.

Figures 4 and 6 are plots of the magnetic signal values that

are listed in Tables 4 and 7.
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program file name MD, AS
program data file name dataimad
magnetic data file name detanaiq

rocessing data file name data,pro
insmatic data file name data,kin

combined magnetic, processing & kinematic data file name data.mpk
encounter latitude (decimal degrees) 45
encounter Ion itude (decimal degrees) -45
encounter varlation (decimal degrees) -25
encounter dip angle (decimal degrees) 68.4160o
encounter magnetic field intensity (gamma) 59035.05
permanent longitudinal moment (eerated-cm3) 0
permanent tranaverse moment (oersted-cW3) 0
permanent vertical moment (oersted-cm3) 0
target displacement (tons) 100
target longitudinal permeability coefficient 13140
target transverse permeability coefficient 2380
target vertical permeability coefficient 23880
target longitudinal permeability factor 7.3
target transverse permeability factor 1.6
target vertical permeability factor 1.6
sampling period (seconds) .5
integration time (seconds) 20
adjusted integration time (seconds) 20.5
number of samples per encounter 41
magnetometer course (decimal degrees) 290
magnetometer speed (knots) 180
magnetometer altitude (meters) 100
target course (decimal degrees) 20
target speed (knots) 10
target depth (meters) 100
magnetometer relative course (decimal degrees) 286.8202
magnetometer relative speed (knots) 180.2776
magnetometer-target vertical separation (meters) 200
target induced longitudinal dipole moment (oersted-cm3) 2.017795E+08
target induced transverse dipole moment (oersted-cm3) -4.422564E+07
target induced vertical dipole moment (oersted-cm3) 1.58099E+08
magnetic dipole moment (oersted-cm3) 2.601272E+08
dipole moment azimuth (decimal degrees) 7.637512
dipole moment depression angle (decimal degrees) 37.42885
distance between samples on the relative track (meters) 46.3714
false alarm rate (false alarms per hour) 3
false alarm probability 1.666667E-02
magnetic noise (gamma) .35
maximum lateral range (meters) 500
lateral range step (meters) 20
number of lateral range function values 51

Table 2. An example of an encounter parameter values printout.
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L ! kp(l) H
metrs gamma motors

"• 500 .2155999 .025!824 .184147 538.5165 Z.818488
-480 .2721803 .029692 .21C34 520 2.87991t,
-460 .3464673 3.582633E-02 .2410144 501.5974 2.943744
-440 .4415205 4.529992E-02 .2785504 483.3218 3,009938
-420 .5573696 6.047795E-02 .3231911 465.1881 3.078418
-400 .6872897 .0856887 .3764825 447.2136 3 .149C,2 5
-380 .8146549 .1287804 .4404623 429. 4182 3.221497
-360 ,9159235 .2030898 .5177304 411.8252 3.29544
-340 .97456'5 .3272475 .6108596 394.4617 3.370274
-320 .9958122 .5141411 .7233319 377.3593 3.445185
-300 .9997211 .7380175 .8597726 360.5551 3.519032
-28o .9999951 .9177597 1.025158 344.093 3.590261
-26u 1 .9896971 1.224529 328.0244 3.656775
-240 1 .999714 1.463644 312.41 3.71578
-220 1 9999992 1.74981 297.3214 3.763606
-200 1 1 2.085394 282.8427 3.795517
-180 1 1 2.470496 269.0725 3.805514
-160 1 1 2.901352 256.125 3.786234
-140 1 1 3.359555 244.1311 3.72898
-120 1 1 3.819509 233.2381 3.624058
-100 1 1 4.239317 223.6068 3.461596
-80 1 1 4.532758 215.4066 3.232958
-63 1 1 4.618943 208.8061 2.932828
-40 1 1 4.44342 203.9608 2.5617
-20 1 1 3.97739 200.9975 2.128285

0 1 1 3.332139 200 1.651697
1 .9099q93 2.5406(5 200.9975 1.165FI8

40 .9 ,- .906813 1.76834 203.9608 .7394171
60 .9933111 .467368 1.110188 208.8061 .5637111A
6,' .999S'3> .7874625 .9039734 215.4066 .7782S36
I0! .99990,99 .9856169 1.086971 223.6068 1.134662
120 1 .9992399 1.254863 233.2381 1.490748
140 1 .9998478 1.308583 244.1311 1.811"734
160 1 .9998431 1.29482 256.125 2.089946
180 1 .9994995 1.230946 269.0725 2.326072
200 1 .9974561 1.131703 282.8427 2.523877
22) 1 .9872744 1.017684 297. 3214 2.688154
24D .999999 .9510013 .9018685 312.41 2.823785
260 .999¢+747 .8646194 .7917129 328.0244 2.935307
28 .9996544 .7242736 .6909791 344.093 3.026728
3!, .99735)2 .55F2789 .6011183 360.5551 3.10149
32: .9876337 .4037092 .5222269 377.3593 3.162495
340 .9(08865 .2816961 .4535729 394.4637 3.212155

.90•t.4C- .194S741 3944811 411.8252 3 .252463
3E. .830170C .1365111 .3443362 429.4182 3.285C>8
4<. .7333o05 9.820431E-02 .3014853 447.2136 32311281
4." .620c>>- .0731037 .2645045 465.1881 3.33222P
44 .53r"-(14 5.646636.-02 .2325951 483.3218 3.348799
46• .44088< 4.522933r-02 .205043 501.5974 3.36172b
489 364244, 3.747106E-02 .1812233 520 3.371603
5C 3,137 9 3.199235F->2 .1605954 538.5165 3.3789:5

Table 3. An example of a lateral range function values printout.

The heading for the crosscorrelation values is p(cc)

and the heading for the square law values is p(sl).
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Figure 3. A plot of the square law lateral range function values

that are listed in Table 3. The horizontal axis is

encounter horizontal range at CPA in meters. The

vertical axis is encounter detection probability.
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data.mad magnetic signal values
for a lateral range of 40 meters

relative CPA distance magnetic signal
s in meters Hs in gamma

-927.4262 -1.619177E-02
-881.0568 -1.834315E-02
-834.6854 -2.086144E-02
-788.314 -2.381637E-02
-741.9426 -2.728804E-02
-695.5712 -. 0313641
-649.1998 -3.613118E-02
-602.8283 -4.165412E-02
-556.4569 -4.792992E-02
-510.0855 -5.478963E-02
-463 7141 -6.169327E-02
-417.3427 -6.730653E-02
-370.9713 -. 0686387
-324.5999 -5.933568E-02
-278.2285 -2.652314E-02
-231.8571 .0540608
-185.4856 .2215785
-139.1142 .5163918
-92.74282 .9104893
-46.37141 1.184586

0 1.003207
46.37141 .3837067
92.742S2 -. 2252113
139.2142 -. 5323231
185.4E56 -. 583"545
231.8571 -. 5168925
27F .2p- -. 42025F9
324 -. ... -. 3304064
37).97 2 -. 2572838
417.3427 -. 2007385
463.714: -. 1577988
51005E5 -. 125285
556.4569 -. 1005532
602.8283 -8.158605E-02
649.199F -6.689598E-02
695.5712 -5.539922E-02
741. 946 -4.630719E-02
78-1.314 -3.90436'F-02
834.68E4 -3.31842;E-02
SEI.0568 -. 02S4142
927-4262 -2.449729E-02

Table 4. An example of a magnetic signal values printout.
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Figure 4. A plot of the magnetic signal values listed in Table 4.

The horizontal axis is relative CPA distance in meters.

The vertical axis is magnetic signal in gamma.
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proqram file name MAI ýtAA
program data file n1AMO 44tA 1 '1.
magnetic data file name data*mAaj
processinq data file name data pru
kinematic data file name datal~kOn
combined magnetic, processing I kinematic data file name datAlmpk
encounter latitude (decimal degrees) 4S
encounter lonqitude (decimal degrees) .41

ennounter variation (decimal degreel) -31
encounter dip angle (decimal degrees) eOCl4d60
encounter magnetic field intensity (gamma) 1408,0
pemanent longitudinal moment (oerated-cme) 0
permanent transverse moment (oersted-0m3) 0
permanent vertical moment (oerated-cm3) 0
target displacement (tone) 1300
targqt longitudinal permeability coefficient 1).40
target transverse permeability coefficient a18o
target vertical permeability coefficient 21l0
target longitudinal permeability factor 7.3
target transverse permeability factor 1.1
target vertical permeability factor Is
sampling period (seconds) I
integration time (seconds) 10
adjusted integration time (seconds) 2105
number of samples per encounter 41
magnestometer course (decimal degrees) 21o
magnetometer speed (knots) 1I0
magnetometer altitude (meters) 100
target course (decimal degrees) 173
target speed (knots) 10
target depth (meters) 100
magnetometer relative course (decimal degrees) 220,9428
magnetometer relative speed (knots) 1"04A.,
magnotometer-target vertical separation (meters) loo
target induced longitudinal dipole moment (oersted-amJ) 1,3394a42.0
target induced transverse dipole moment (oerstad-7mn) 3,5]3531*07
target induced vertical dipole moment (oersted-cmi) ,560C9EC*0
magnetic dipole moment (oersted-cW3) 2.1445049+04
dipole moment azimuth (decimal deqrees) 295,4022
dipole moment depression angle (decimal degrees) 47.49356
distance between samples an the relative track (meters) 43.84442
false alarm rate (false alarms per hour) 3
false alarm probability 1.666677E-02
magnetic noise (gamma) .35
maximum lateral range (meters) 500
lateral range step (meters) 20
number of lateral range function values 51

Table 5. An example of an encounter parameter values printout.
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11 PI~ (neleP(i I)

.1904 11411OV4K-6a 30746 IW10 % I'Will
-440 .1131747 1.011tiuodI'o 11044 61.4 I a d1
-460 114117 % 16*%A-01 .1416641 %0 % .It?

-4 4 A1444 10400141-41 1010l)e ) 4it)11A4 %I4

-110 S1467703 1,7193961-01 .1143911 414,4141 %%MV6)

-140 1344100? 1,9311041*01 .3441031 3544,411 11834444
0310 46041344 11041MR6-44 14069011 317713%1)1606
'300 s 114166% 7, 0114111-01 .4630141 MIMI311.111
-'40 6143011 %1013717 147*3111 34*4.093 .6
.No . 4046444 %1%10074 14144413 314,4144 1511
*340 .97111161 %3814171 1641044$ 311141 1.1410041

-100 .si4 .319314 %114104% 816118417 1173
-160 SM11es* %9744114 1.5S3436 14*,07112.411
-lea 1 111148117 11404347 23.1413 ,166
-140 1 91010999 11310156 144,1311 1,166067
-la0 L. I1.7740101 133,43m1 1.7313911
-1.30 1 1 31.16104 113.6066 1,676014-60 1.3 3,646771 11414064 1,97600%

.6 1 4,130407 204.60011 3,040641
-4) 1 4'?30014 20),0604 3 , (A4164

- ~14,1 914 )a 10019961%1 3,00*3
0 1 ~4,103146 1too50'6
20 1 1 4,9617%6 100.*671 l'1
43 1. 1 4104676 )01391106 1140
60 1 1 3,462193 20.041821493
10 a 2.74714 111s,066 2,04414)100 1 ,919.11341757 11,t,6044 1'81A;13

110 1 1904414661014 233.9341 1140542
140 10999431 6916 1,443631 244,1311 11,446661
160 .907349 1051798 1.116061% 31513 1,346197
1oo ,9113154 .3394161 .91173112 2691072% 1,31296

20 .9311967 .1132309 113271?2 181141?7 113)4314
"0 A111751 .1616173 15471505 297.3114 11361st

240 60071771 .1953478 14948332 313,41 1141069
24k0 7414287 .1004617 .4)63041 326,0244 1.999103
,go .6739562 A.2505379-02 .3566571 344,093 1,714996
300 .4054011 .04644997 .3130742 340.1531 1,632861
320 .537646* 1,7531719-02 '2806411 371,3593 1,949411340 .41,24234 4C6911599-02 ..1530164 304,4617 2,043341
340 14121017 4.21367]1-021.2260127 411.4252 21,13044
]6o .3573765 364610451-02 23054994 429.4162 2,17635400 .3090144 3.2616341-02 .1853364 447.2136 2,379115
420 Z6470518 .0293013 .1673333 445.1661 2,479411
440 .2311249 2.46666431-02 .151262 483.3216 a,567413460 .2006415 1.4565391-02 .1369645 501.1974 21.55341
460 .1749714 .0226749 .12437 520 2,739442
So0 .1533755 2-1507181C-02 .1132715 536.5165 2.619265

Table 6. An example of a lateral range function values printout.

The heading for the cromscorrelatjion values is p(cc)

and the heading for the square law values is p(sl).
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Figure 5. A plot of the square law lateral range function values

that are listed in Table 6. The horizontal axis is

encounter horizontal range at CPA in moters, The

vertical axis is encounter detection probability.
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dtatie,' magnttlv atonal valuem
for a lateral ranql ot 40 meWerA

relative CPA distance %:qneti@ siqna1
a In moters Hi tn gamma

-474,1324 618692439-03
-433,0854 4.16IS1SW-03
-711,391) 1.1112411-03
-741,3925 1.5613361-02
-701,5454 1.0714671-03
-657,606) 1,7915751-02

-613862)3,7672629-02
-70,00 5.1918771-02
-924,0~94 7,3311931-02
-442,3130 .1020394
-438,4463 .1444147
-364,6116 .2139163

-393?121317114
-306,0263 .480659

.735356
1.130141

-171D300%1.707647
-1399~s 2.448234

-4.3. 324 3,132554
-4ýýWsl3.2632a$

0 2.4398028
401,1441, -1.023829
071403#Z4 -.1487533

-. 7045798
-,09055338
-.707884.1

363,O~9~-.5631492
-,4307g48

35 so '.4 -.3256765
394.C11,6 -.2465532
433.46nZ -. 188130J
482.31.'i -. 1451051
526. 15$ý -.1132614
570,004 -8.948089E-02

61318S.--7.152954E-02
6b7, 09 1-5.782279E-02
'01.t~tý-4,723642E-02

74539;' -3 .895839E-02
70,29 -3. 244173E-02

g33,08•8-2.721733E-0"

876,3• -2, 304761E-02

Table 7. An example of a magnetic signal values printout.
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Figure 6. A plot of the magnetic signal values listed in Table

7. The horizontal axis is relative CPA distance in

meters. The vertical axis is magnetic signal in

gamma.
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Appendix 10. A PrograM Listing

P 10 CLI : CLEAR
1 ~ 20 PRINT "Magnetic Anomaly Detection (M4AD) Lateral Range Function Program"

30 DIN XO(70), ROOD0), M(70), HS(T0, 1S0), K(70), PDCC(70), PDSL(70)
40 P1 a 3.141592654#: CON w 2'* PI / 360: KON It 1852 / 3600: NS a "NAD.BAS"
50 00 a .2316"19 01 a .31931115301 02 a -.3565637420: 03 - 1.7816779370
60 06 a -1.62125978*: 05 w 1.330274129*
70 11 a 2.5155171 12 a .602853 13 a .010328: 16 a 1.432788: 15 a .189269: 16 *.001308
80 PRINT
"9 INPUT "generate data or print a program data file (gip)"; AS
100 IF AS a "6"I OR AS a "g"l THEN OCTO 120
110 IF ASla NP" OR AS * up" THEN GOTO 3070 ELSE COTO 90
120 PRINT : AS a "a"l
130 INPUT "magnetic, processing & kinematic data entry by combined file (yin)"; AS
140 IF AS a NY" OR AS a Oym THEN GOTO 2120
150 IF AS a "N"O OR AS a "n" THEN GOTO 160 ELSE GOTO 130
160 INPUT "magnetic data entry by file/keyboard (f/k)"; AS

-170OIF ASn F" OR ASa"f" THEN GOTO 780
180 IF AS a NKN OR At a "It" THEN COTO 190 ELSE GOTO 160
190 INPUT "latitude in decimal degrees (N +)II; LAT: LATR aLAT * CON
200 INPUT "longitude in decimal degrees (E +)"I; LNG: INGR a-LNG *CON

21 INPUT "variation in decimal degrees CE +)"; DEC: DECR *DEC 'CON

220 AS a "all
230 INPUT "input dip angle (y/n)"; AS
240 IF AS a "Y" OR AS a "y" THEN GOTO 260
250 IF AS a "IN" OR At a 'In" THEN GOTO 290 ELSE GOTO 230
260 INPUT "dip angle in decimal degrees (north magnetic hemisphere +)"I; DIP
270 DIPR a DIP * CON
280 GOTO 390
290 LATPR a 76 * CON: LNGPR a1 100 * CON
300 D a SIN(LNGR - LNGPR) *COS(LA7R)t E z COS(LNGR -LNGPR) *COSCLATR): F aSIN(LATR)

310 X a E: Y a F
320 GOSUB 4170
330 T a T - (90 *CON - LATPR): E a R * SIN(T: F - R * COSMT
340 X a E: Y a D
350 GOSUB 4170
360 X a F: Y * R
370 GOSUB 4170
380 DIPR z ATNC2 TAN(T): DIP = IPR / CON
390 AS a "a"l
400 INPUT "input encounter magnetic field intensity (yin)'; AS
410 IF AS - "Y" OR AS a "Y" THEN GOTO 430
420 IF AS a "N", OR AS a 'In" THEN G010 450 ELSE 0010 400
430 INPUT "encounter magnetic field intensity in gamima"; HE
440 GOTO 460
450 HE a 70000! SOR(3 *COS(DIPR) *COSCOIPR) + 1)
460 PLM a 0: PTM a0: PVM - 0
470 AS a "all
480 INPUT "linput target permanent dipole moments (y/n)"; AS
490 IF AS a "Y" OR AS a"y" THEN 0010 510
500 IF AS z "IN" OR AS a "In" THEN GOTO 540 ELSE GOTO 480
510 INPUT "permanent Longitudinal moment in oersted-cm3 (stern-to-bow +)"I; PLM 520 INPUT "permanent
transverse moment In oersted-cm3 (port-to-starboard +)"I; PTM'
530 INPUT "permanent vertical moment in oersted-cm3 (downward +)"; PVM
540 INPUT "target displacement In tons"; WT
550 AS - "a"
560 INPUT "input target permeability coefficients or factors (c/f)"; AS
570 IF AS a NC" OR AS a "c" THEN GOTO 590
580 IF AS a "IF" OR AS a 'If THEN GOTO 630 ELSE GOTO 560
590 INPUT "longitudinal permeability coefficient in cgs units"; KL.
600 INPUT "transverse permeability coefficient In cgs units"; KT
610 INPUT "vertical permeability coefficient in cgs units"; KV
620 FL Is KL / WT: FT.a KT / WT: FV a KV / UT: GOTO 71
630 INPUT "longitudinal displacement factor in cgs units"; FL.
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"60 INPUT "transverse displacement factor In cgs units"; FT
650 INPUT "vertical displacement factor In cgs units"; FY
660 KL *FL * WT: KT a FT * WT: KV a FV *WT
670 AS *"all

'p680 INPUT "genferate a magnetic data file (yin)"; AS
690 if AS a "Y" 0N At a *ly" THEN GOTO 710
700 IF AS u ON" OR AS a 'In" THEN GOTO 850 ELSE GOTO 680
710 INPUT "magnetic data file name"l; MS
720 ON ERROR COTO 730: GOTO 740
730 RESUME 7`10
74.0 OPEN "0", #1, MS
750 WRITE 01, LAT, LNG, DEC, DIP, HE, PLM, PTM, PVM, WT, KL, KT, KV, FL, FT. FV
760 CLOSE
"70 GOTO 850
780 INPUT "magnetic dota file name"; MS
790 ON ERROR GOTO 800: GOTO 810
800 RESUME 780
810 OPEN "If-, 01, MS
820 INPUT 01, LAT, LNG, DEC. DIP, HE, FILM, PTM, PVM, WT, KL, KT, KV, FL, FT, FV

-830 CLOSE
3140 DECA a DEC * CON: DIPIR a DIP * CON
850 AS a "fa"l
860 INPUT "processing data entry by fiLe/keyboard (f/k)"; AS
870 IF AS 'I"F" OR AS a 'If" THEN GOTO 11450
880 IF AS *"K"I OR AS z Ilk" THEN GOTO 890 ELSE GOTO 860
890 AS z al
900 INPUT "input sampling period (y/n)"; AS
910 IF AS *"Y" OR AS a Ill THEN GOTO 930
920 IF AS 'I"N" OR AS a 'In" THEN GOTO 960 ELSE GOTO 900
930 INPUT "'saimpting period in seconds"; DT
940 IF DT <= 0 THEN PRINT :PRINT "must be greater than zero": PRINT GOTO 930
950 GOTO 109
96,0 AS a "a"l
970 INPUT "Input maximuum magnetic signal frequency (y/n)"; AS
980 IF AS a"Y" OR AS a "ly" THEN GOTO 1000
990 IF AS a "IN" OR AS z "In" THEN GOTO 1030 ELSE GOTO 970
1000 INPUT "maximum magnetic signal frequency in Hertz"; MAXF
1010 IF M4AXF - 0 THEN PRINT : PRINT "must be greater than zero": PRINT :GOTO 1000
1020 GOTO 1080
1030 INPUT "minimum target slant range at CPA in meters"; MINRO
104.0 IF MINRO -a 0 THEN PRINT : PRINT "must be greater than zero": PRINT :GOTO 1030
1050 INPUT "maximumi magnetometer relative speed in knots"; MAXVMK
1060 MAXVM - MAXVMK IfKON: MAXF a 2 *MAXVM / MINRO
1070 IF MAXVM ca 0 THEN PRINT : PRINT "must be greater than zero": PRINT :GOTO 1050
1080 DT a 1 / (2 * MAXF): REM low pass filter, Nyquist sampling rate
1090 AS It "a"l
1100 INPUT "input integration time (y/n)"; AS
1110 IF AS a "Y4" OR AS a "ly" THEN GOTO 1130
1120 IF AS a "IN" OR AS *'In" THEN GOTO 1210 ELSE GOTO 1100
1130 INPUT "integration tire in seconds"; IT
1140 IF IT DB T THEN GOTO 1170
1150 PRINT :PRINT "IT + STRS(IT) + "1 seconds minimu + STRS(DT) + "1 seconds": PRINT
1160 GOTO 1130
1170 NS a 2 * INT(IT / DT /2) + 1: REM adj nuuber of sanples per integration time
1180 IF NS <a 151 THEN GOTO 1340
1190 PRINT : PRINT "IT + STRS(IT) + " seconds maximnum +' STRS(150 * DT) + "seconds": PRINT
1200 GOTO 1130
1210 INPUT "maximuma target slant range at CPA in meters"; MAXRO
1220 IF MAXRO - 0 THEN PRINT : PRINT "must be greater than zero": PRINT : GOTO 1210
1230 INPUT "mininium magnetometer relative speed in knots"; MINVMK
1240 MINVM a MINVMK * KON
1250 IF NINYM <a 0 THEN PRINT : PRINT "must be greater than zero": FRINT : GOTO 1230
1260 IT If 2 *MAXRO / MINYM
1270 IF IT Da T THEN GOTO 1300
1280 PRINT :PRINT "IT + ' STRS(IT) *"seconds mininmum ~ STRS(DT) *"seconds": PRINT
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1290 GOTO 1100
1300 NS a 2 * INT(IT / DT / 2) 4 1: REM adjusted number of &opte& per Integration time
1310 IF NS 4m 151 THEN OOTO 1340
1320 PRINT : PRINT "'IT + STRS(IT) **"sconds maxini.. 4 STRS(150 *DT) * weonds": PRINT
1330 GOTO 1100
1340 At w N""
1350 INPUT "generate a processing data file (y/n)'f; AS
1360 IF AS a OY" OR AS m "y' THEN GOTO 1380
1370 IF AS a 'ON" OR AS * nn" THEN GOTO 1510 ELSE GOTO 1350
1380 INPUT "processing data fil* natme"; PS
1390 ON ERROR OOTO 1400: GOTO 1410
1400 RESUME! 1380
1410 OPEN N0", #1, PS
1420 WRITE 01, DT, IT, NS
1430 CLOSE
14"0 COTO 1510
1450 INPUT "'processing data file nurne"; PS
1460 ON ERROR GOTO 1470: GOTO 1480
1470 RESUME 1450
11480 OPEN "IN, #1, PS
1490 INPUT #1. DT, IT, NS
1500 CLOSE
1510 AS a "eall
1520 INPUT "kinematic date entry by file/keyboard Cf/k)"; AS
1530 IF AS a uF"1 OR AS Is 'If" THEN GOTO 1790
1540 IF AS w "1K" OR AS - Ilk" THEN GOTO 1550 ELSE GOTO 1510
1550 INPUT "'magnetommeter course in decimal degrees CO If at rest)"; CM
1560 INPUT "magnetomeater speed In knots"; VI4K
1570 INPUT "tmagnetometer attitude in meters (below 0 is -)"; AM
1580 INPUT "target course In decimal degrees"; CT
1590 INPUT "target speed In knots"; VTK
1600 INPUT "target depth in meoters (above 0 Is -)N; AT
1610 CHA w CM CON: CTR *CT * COW
1620 WXK a VMK *SIN(CMR) -VTK * SIN(CTR)
1630 WYK a VI4K *COS(CMR) -VTK * COS(CTR)
1640 Z w AM + AT: REM vertical separation (- for imagnetometer below target)
1650 X a WXK: Y aWYK: GOSUS 4170
1660 CR a T: C *CR / CON: REM magnetometer relative course
1670 WK a R: REM magnetometer relative speed
1680 AS a "a"l
1690 INPUT "generate a kinematic data file (y/n)"; AS
1700 IF AS a "Y" OR AS a "y" THEN GOTO 1720
1710 IF AS n "NM" OR AS - 'en" THEN GOTO 1860 ELSE GOTO 1690
1720 INPUT "kinematic data file name"; KS
1730 ON ERROR GOTO 1740: GOTO 1750
1740 RESUME 1720
1750 OPEN "0"1, 01, KS
1760 WRITE 01, CM. VMK, AM, CT, VTK, AT, Z, C, WKC
1770 CLOSE
1780 GOTO 1860
1790 INPUT "kinematic data file namme"; KS
1800 ON ERROR GOTO 1810: GOTO 1820
1810 RESUME 1790
1820 OPEN "I'l, 01, KS
1830 INPUT 01, CM, VMK, AM, CT, VTK, AT, Z, C, WK
1840 CLOSE
1850 CMin a CM'* CON: CTR - CT *'CON: CR - C *'CON
1860 MCMR a (CHR - DECR): REM megnetometer magnetic course in radians
1870 MCTR a (CTR - DECR): REM target magnetic course in radians
1880 ILM a KL *'HE * COSCDIPR) * COS(MCTR): ITM -KT *'HE *COSCOIPE) *SINCMCTR)
1890 IVM a KY * HE * SIN(DIPR)
1900 OHX a (PLN + ILM) * SIN(MCTR) + (PTM + ITM) 'COS(MCTR)

1910 DMY z (PLM + ILM) * COS(MCTR) - (PTM + ITM) 'SINCMCTR)

1920 D1MV z PVM + IVM
1930 X *DMX: Y a DMY
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1940 GOSUB 4170
1950 OMLR a T: REM dipote azimuth relative to magnetic north
1960 X = DMV: Y = R
1970 GOSUS 4170
1980 DM a R: OMR a T: REM dipole depression angte
1990 OML a OMLR I CON: OM a OMR / CON
2000 AS a "a"
2010 INPUT "generate a combined magnetic, processing & kinematic date file (y/n)"; AS
2020 IF AS w "Y" OR AS a "y" THEN COTO 2040
2030 IF AS v "N" OR AS a "n" THEN GOTO 2210 ELSE GOTO 2010
2040 INPUT "cobined magnetic, processing & kinematic data file name"; ES
2050 ON ERROR GOTO 2060: GOTO 2070
2060 RESUME 2040
2070 OPEN "0", #1, ES
2080 WRITE 01, LAT, LNG, DEC, DIP, HE, PLM, PTM, PVM, UT, KL, KT, KV, FL, FT, FV, DT, IT
2090 WRITE #1, NS, CM, VMK, AN, CT, VTK, AT, Z, C, UK, ILM, ITM, IVM, ON, OML, ON, MS, PS, KS
2100 CLOSE
2110 GOTO 2210
2120 INPUT "combined magnetic, processing & kinematic data file name"; ES
2130 ON ERROR GOTO 2140: GOTO 2150
2140 RESUME 2120
2150 OPEN "1", #1, ES
2160 INPUT #1, LAT, LNG, DEC, DIP, HE, PLM, PTM, PVd, WT, KL, KT, KV, FL, FT, FV, DT, IT
2170 INPUT #1, NS, CM, VUK, AM, CT, VTK, AT, Z, C, UK, ILM, ITM, IVM, DM, OML, 0M, MS, PS, KS
2180 CLOSE
2190 DECR z DEC * CON: DIPR = DIP * CON
2200 CR a C * CON: OMLR = OML * CON: OMR C ON * CON
2210 INPUT "required false alarm rate in false alarms per hour"; FAR
2220 PF u FAR * IT / 3600: REM false alarm probability
2230 Y a PF: IF PF > .5 THEN Y * 1 - Y: REM inverse normal approximation
2240 Y - SQR(LOG(1 / Y / Y))
2250Y mY - (11 + Y * (12 + 13 Y)) / (1 + Y * (14 + Y (15 + 16 * Y)))
2260 IF PF < .5 THEN Y -Y
2270 ZP u -Y
2280 CHI W NS * (1 - 2 / 9 / WS * ZP * SQR(2 / 9 / NS)) 3: REM inverse chi-square approximation
2290 INPUT "magnetic noise in gamma"; SIG
2300 INPUT "maximum lateral range in meters"; LRM
2310 INPUT "lateral range step in meters"; ST
2320 IF ST 'a LRM THEN GOTO 2340
2330 PRINT : PRINT "maximum step is " * STRS(LRM) + " meters": PRINT : GOTO 2310
2340 NC a 2 * INT(LRM / ST) * 1: REM number of lateral range function values
2350 IF NC '- 71 THEN GOTO 2370
2360 PRINT : PRINT "minimum step is " + STRS(LRM / 35) + " meters": PRINT GOTO 2310
2370 AIT a DT * NS: REM adjusted integration time
2380 W * UK * KON: REM magnetometer relative speed in meters/second
2390 DS W U * DT: REM distance between samples on the relative track
2400 XO a -(NC - 1) / 2 * ST
2410 FOR I a 0 TO NC - 1
2420 XO(I) = XO
2430 X a XO: Y a Z
2440 GOSUB 4170
2450 RO a R: RO(I) - R: REM target slant range at CPA in meters
2460 DELR • T: REM target depression angle complement at CPA in radians
2470 IF RO D 0 THEN GOTO 2800: REM zero lateral range and vertical separation 2480 DMF D DN / 10 I RO 3:
REM dipole moment factor
2490 CMR a CR - DFCR: REM target relative magnetic course
2500 L a COS(OMR) ' COS(C1R - OMLR)
2510 N x COS(DELR) ' COS(OMR) * SIN(CMR - OMLR) SIN(DELR) ' SIN(OMR)
2520 N a "SINCDELR) * COS(OMR) * SIN(CMR - OMLR) " COS(DELR) ' SIN(COMR)
2530 Li a COS(OIPR) * COS(CHR)
2540 MI a COS(DELR) * COS(DIPR) • SIN(CMR) " SIN(DELR) • SIN(DIPR)
2550 Ni a -SIN(DELR) ' COS(OIPR) * SIN(CMR) COS(DELR) * SIN(DIPR)
2560 A2 a 2 * L * Li " N * Ni M N W WI: REM Anderson Function Coefficient
2570 Al a 3 * (N * LI' L 'Ni): REM Anderson Function Coefficient
2580 AO a 2 * N *N - L *L -N M I: REN Anderson Function Coefficient
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2590 SUM - 0: HNAX - 0: NMIN a 0
2600 FOR J * 0 TO NS - 1
2610 S * (a W (NS - 1) / 2) * DS: BA a S / RO: REM Anderson Function Argument 2620 AF - 1 + BA * BA)
2.5: REM Anderson Function Factor
2630 NSF a (A2 BA* BA + Al * BA + AO) ' AF: REM magnetic signal factor
2640 NS(I, J) * DMF * NSF: REM magnetic signal value
2650 IF HS(1, J) HNMAX THEN HKAX N HS(I, J)
2660 IF HS(I, J) ' NNIN THEN NMIN N NS(I, J)
2670 SU SUM + NSF 0 NSF
2680 NEXT J
2690 H(I) m HM4AX - HMIN
2700 KMI) x SQR(SUM)
2710 V a -ZP D DF * SQR(SUN) / SIG
2720 LAN D DMF ' DMF * SUM / (SIG * SIG): AA a NS + LAM: BB e 1 + LAN / (NS + LAN)
2730 ZN a -SOR(2 * CHI /B) + SQR(2 * AA BB - 1): Xl VW
2740 GOSUB 4230

2750 IF Y1 -I THEN T1 I 1
2760 PDCC(I) a YI: Xl * ZN
2770 GOSUB 4230
2780 IF Y1 3 1 THEN Y1 I 1
"2790 POSL(I) a Y1
2800 XO a XO + ST
2810 NEXT I
2820 C x C / 360: C - (C INT(C)) *
2830 IF C c 0 THEN C a 360 + C
2840 01L - (OML + DEC) / 360: OL 41 (OL - INT(ONL)) * 360
2850 IF O4L < 0 THEN 004L - 360 + ONL
2860 PRINT : AS a "a"
2870 INPUT "generate a program data file (y/n)"; AS
2880 IF AS a "Y" OR AS a "y" THEN GOTO 2900
2890 IF AS a "N" OR AS a "n" THEN GOTO 3230 ELSE GOTO 2870
2900 INPUT "program date file nameo ; DS
2910 ON ERROR GOTO 2920: GOTO 2930
2920 RESUME 2900
2930 OPEN "0", 91, DS
2940 WRITE #1, LAT, LNG, DEC, DIP, HE, PLM, PTM, PVo, WT, KL, KT, KV, FL, FT, FV, DT, IT, AlT
2950 WRITE 01, NS, CM, VNK, AN, CT, VTK, AT, iL, ITN, IVM, Z, C, UK, DM, OHL, ON, FAR, PF, SIG, ST
2960 WRITE #1, LRM, DS, NC, MS, PS, KS, ES
2970 FOR I a 0 TO NC - 1
2980 WRITE 01, XO(I), PDCC(I), PDSL(I), K(I), H(1), RO0)
2990 NEXT I
3000 FOR I a 0 TO NC I
3010 FOR J a 0 TO NS 1 1
3020 WRITE 01, HS(I, J)
3030 NEXT J
3040 NEXT i
3050 CLOSE
3060 GOTO 3230
3070 INPUT "program data file name"; DS
3080 ON ERROR GOTO 3090: GOTO 3100
3090 RESUME 3070
3100 OPEN "I", #1, DS
3110 INPUT #1, LAT, LNG, DEC, DIP, HE, PLN, PTN, PVM, WT, KL, KT, KV, FL, FT, FV, DT, IT, AIT
3120 INPUT 91, NS, CM, VMK, AN, CT, VTK, AT, ILN, ITM, IVN, Z, C, WK, DM, OIL, ON, FAR, PF, SIG, ST
3130 INPUT 01, LRM, DS, NC, MS, PS, KS, ES
3140 FOR I a 0 TO NC - 1
3150 INPUT 91, X0(I), POCC(I), POSL(I), K(I), H(i), RO(I)
3160 NEXT I
3170 FOR I a 0 TO NC - 1
3180 FOR J a 0 TO NS - 1
3190 INPUT 91, HS(I, J)
3200 NEXT J
3210 NEXT I
3220 CLOSE
3230 PRINT : AS " "a"
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3240 INPUT "print enounter psruneter values (yin)"; AS

3250 IF AS a "Y" OR AS a my" THEN GOTO 3270
3260 IF AS a "N" OR AS a "n" THEN GOTO 3780 ELSE GOTO 3240
3270 IPRINT

3280 MPRINT "program file name " + MS
3290 LPRINT "program data file name " + DS
3300 MPRINT "mgnetic data file n e " + NS
3310 LPMINT "processing data file a " + PS
3320 MPRINT "knesmatic data file ame " + KS
3330 MPRINT "combined magnetic, processing A kinematic data file name " + ES
3340 MPRINT "encounter latitude (decimal degrees) "" PC(2); LAT
3350 LPRINT "em.ounter Longitude (decimel degrees) "; SPC(2); LNG
3360 MPRINT "encounter variation (decimal degrees) "; SPC(2); DEC
3370 MPRINT "encounter dip angle (decimal degrees) "; SPC(2); DIP
3380 IPRINT "encounter magnetic field intensity (gamma) " SPC(2); HE
3390 MPRINT "permanent longitudinal moment (aersted-ca.3) "" SPC(2); PLN
3400 LPRINT "permanent transverse moment (oersted-cm3) "" SPC(2); PTM
3410 MPRINT "permanent vertical moment (oersted-cm3) "; $PC(2); PVN
3420 MPRINT "target displacement (tons) "" SPC(2); WT
3430 MPRINT "target longitudinal permeability coeffi.Atent " SPC(2); KL
3440 MPRINT "target transverse permeability coefficient "; SPC(2); KT
3450 LPRINT "target vertical permeability coefficient "" SPC(2); KV
3460 LPRINT "target longitudinal permeability factor "; SPC(2); FL
3470 MPRINT "target transverse permeability factor, 1; SPC(2); FT
3480 LPRINT "target vertical permeability factor "; SPC(2); FV
3490 LPRINT "sampling period (seconds) " SPC(2); DT
3500 IPRINT "integration time (seconds) "; SPC(2); IT
3510 IPRINT "adjusted integration time (seconds) "; SPC(Q); AlT
3520 MPRINT "number of samaples per encounter "' SPC(2); NS
3530 MPRINT "magnetometer course (decimal degrees) ". SPC(2); CM
3540 LPRINT "magnetometer speed (knots) ". $PC(2); VMK
3550 MPRINT "mgnetometer altitude (meters) "- SPC(2); AM
3560 MPRINT "target course (decimal degrees) ". SPC(2); CT
3570 LPRINT "target speed (knots) ". SPC(2); VTK
3580 MPRINT "target depth (meters) "; SPC(2); AT
3590 IPRINT "magnetometer relative course (decimal degrees) "- SPC(2); C
3600 LPRINT "magnetometer relative speed (knots) • SPC(2); WK
3610 MPRINT "magnetometer-target vertical separation (meters) "; SPC(2); Z
3620 MPRINT "target induced longitudinal dipole moment (oersted-cm3)"; SPC(2); ILM
3630 LPRINT "target induced transverse dipole moment (oersted-cm3) "; SPC(2); ITN
3640 MPRINT "target induced vertical dipole moment (oersted-cm3) "; SPC(2); IV1
3650 LPRINT "magnetic dipole moment (oersted-cm3) "; SPC(2); DN
3660 MPRINT "dipole moment azimuth (decimal degrees) "; SPC(2); OHL
3670 MPRINT "dipole moment depression angle (decimal degrees) "; SPC(2); ON
3680 LPRINT "distance between samples on the relative track (meters)"; SPC(2); DS
3690 LPRINT "false alarm rate (false alarms per hour) "; SPC(2); FAR
3700 IPRINT "false alarm probability "; SPC(2); PF
3710 LPRINT "magnetic noise (gamma) "; SPC(2); SIG
3720 MPRINT "maximum lateral range (meters) "; SPC(2); LRM
3730 MPRINT "lateral range step (meters) "; SPC(2); ST
3740 MPRINT "number of lateral range function values "; SPC(2); NC
3750 FOR I 1 0 TO 15
3760 MPRINT
3770 NEXT I
3780 PRINT AS a "a"
3790 INPUT "print Lateral range function values (yln)"; AS
3800 IF AS - "Y" OR AS = "y" THEN GOTO 3820
3810 IF AS a "N" OR AS a "n" THEN GOTO 3900 ELSE GOTO 3790
3820 LPRINT DS; " lateral range function values"

3830 LPRINT : PRINT
3840 LPRINT "L p(cc) p(sl) H R k"
3850 LPRINT "meters gamma meters"
3860 LPRINT
3870 FOR I 1 0 TO NC - 1
3880 LPRINT XO(I); TAB(OO); PDCC(I); TAB(24); PDSL(I); TAB(38); H(I); TAB(52); RO(); TAB(70); K(i)
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3890 NEXT I
3900 PRINT : AS a "a"
3910 INPUT "print magnetic signal values (y/n)"; AS
3920 IF AS a "Y" OR AS a m"Y THEN GOTO 3940
3930 IF AS a "N" OR AS a On" THEN GOTO 4120 ELSE GOTO 3910
3940 PRINT : PRINT "identify signal by encounter Lateral range index"

3950 PRINT "lateral range equals the index times " + STRS(ST) * " meters"

3960 PRINT "index values: -"N STRS((NC - 1) / 2) + " to " + STRS((NC - 1) /2)
3970 INPUT "lateral range index"; K: I * K (NC - 1) / 2
3960 LPRINT : LPRINT : LPRINT
3990 LPRINT DS; " magnetic signet values"
4000 LPRINT "for a lateral range of N; K * ST; " meters"
4010 LPRINT
4020 LPRINT "relative CPA distance"; TAB(35); "magnetic signal"
4030 LPRINT "s in meters"; TA3(35); "Ns in guimm"
4040 LPRINT
4050 FOR J * 0 TO NS - 1
4060 LPRINT (J - (NS - 1) / 2) * DS; TAB(35); HS(I, J)
4070 NEXT J
4080 PRINT : AS * "a"
4090 INPUT "print magnetic signet values for a different lateral range (y/n)"; AS
4100 IF AS a "Y" OR AS a "y" THEN GOTO 3940
4110 IF AS a "N" OR AS m "n" THEN GOTO 4120 ELSE GOTO 4090
4120 PRINT : AS a "a"
4130 INPUT "continue to use the program (y/n)"; AS
4140 IF AS * "Y" OR AS a "y" THEN GOTO 10
4150 IF AS * "N" OR AS a "n" THEN GOTO 4160 ELSE GOTO 4130
4160 END
4170 R a SQR(X * X + Y * Y): REM rectangular to polar conversion
4180 IF R a 0 THEN T a 0: RETURN
4190 IF ASS(X / R) a 1 THEN Q a SGN(X) * (P! / 2) ELSE Q a ATN(X // SOR(1 - X X/ R /R))
4200 IF ASS(Y / R) m 1 THEN T a (P! / 2) * (1- SGN(Y)) ELSE T a (PI / 2) - ATN(Y /R/ SQR(1 "Y Y I/R
R))
4210 IF O < 0 THEN T 2 * Pi - T
4220 RETURN
4230 Y1 a Xl: IF Xl 0 THEN Y1 m -YI: REM normaL approximation
4240 G a 1 / (1 + 00 * YI)
4250 Y1 a EXP(-YI * Y1 / 2) / SOR(2 * PI) G (01 G 0 (02 + G * (03 + G (04 G * 05))))
4260 IF Xl 0 THEN Y1 1 - Vi
4270 RETURN
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