
NAVAL POSTGRADUATE SCHOOL
Monterey, California

DTI

ELECTE
MAY 3 V984)

THESISB
'A COMPARISON OF THR~EE MAGNETIC ANOMALY DETECTION

(MAD) MODELS

By

Daniel Carl Schiuckebier

March 1984

IiiThesis Advisor: R., No Forrest

Approved for public release, distribution unlimited

05 O 4
'~~~~8 *.') tt 'iJm . 4 9w ~ ~..

tMý low-



&IECURITY CLASIIPICAtQlW OF THIS PAGE OMMw *. Shlo._ _
.... " ... "READ"INSTRUCTION 5

REPORT DOCUMENTATION PAGE 3303 COSPLETINO!-'.,,•';BEFORE COMPLETING FORM

1.• I.m•,POR HUNM "2. OOVT ACCESSION NO RECIENT'S CATALOG NUMNER

4. TTE teed &i6*0,0.) S. TYPE OF REPOR'• a PFIO' COVERDO

A Comparison of Three Magnetic Anomaly Detec- Master's Thesis
tion (MAD) Models March 1984

S1 PERFORMING ORG. REPORT NUNMER

V. Au'loI•e) GS CONTRACT O1 GRANT NUMSEA(s)

Daniel Carl Sehluckebier

9- 9I* P 1iRMING OMANI'IA•'IBN NAl AND A00101981 10. PMOGMAM TL.IEICT, AROJECT, TASK

Naval Postgraduate School AR9A 6 WORK UNNTNU"MegS

Monterey, California 93943

II# CGOTMOL6LNG OPFICE NAME A10 A01ES1931 tS. REPORT DATE

Naval Postgraduate School -arch 1984
Monterey, California 93943 IA. NUMMSER OF PAGES, 61

W, MONITORINg A6SNGY NAME A AOOR I 4111000011t 6`001 Confollind 011160) 111. SECURITY CLASS. (of thio s.oport)a .. .

210 r•G, I $CATION[ OOW14 3 RADI NO

IS- MATRIUUTION STATEMENT (of Wie flaWef)

Approved for public reloase# distribution unlimited

Ii/. OaimMIuTneN STATEIMNI (c IA. mi ai4eef eMaswNd I. W.o.k 20, ii dfteme •. Relhpo

16. SUPPLINETARY NOTES

*1. KC1V WORDS ( W*m.o Mrif M ; It reeeoSM -W lJdW1e by blckA nuim.)

Magnetic Anomaly Detection, MAD, Cross-Correlation Detection Model,
Square Law Detection Model, Definite Range Law Detection Model,
Lateral Range Curves, Submarine Magnetic Signal, Submarine Magnetic
Moments

SSL ANTRACT (64e00ue on 6e aWd• ItI 4e666080 Sd 1d100Ei8 Vpr bloek MwS.)

This thesis presents a comparison of three Magnetic Anomaly Detection
(MAD) modelsi a cross-correlation detection model, a square law detection
model# and a model referred to as the OPTEVFOR detection model. FORTRAN
and BASIC programs for the three detection models are included in this
thesis. The programs yield detection probabilities for straight line
encounters. Magnetic signal values for the straight line encounters are
an additional output. Plots of lateral range curves and magnetic signal

D W3 JIDTIO OFI NOV63 SOBSOLETE 1
V/N 0103- LF, 014. 6091 SECURITY CLASSIFICATION OF THIS PAGE (WIen Dale Ent"40)

" " -" -' r " Ih ' d i ! - •I t • • I L •t . -



IGCUmITv CLAWPICAIION Or 11415 PAGI (When Data w.I1

Block 20 (Cont)

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 de-
tection models arei magnetic noise, aircraft and submarine headings,
submarine displacementp and the vertical separation between submarine
and aircraft.

DTIC TAB3

thnfnloulo od [-

A-vailabilitY CoOeS

ai, I . aIz ,lor

Dist •pecial

5,1', 0102- LF- 014.6601
2

SECUMIYY CLAS3IPlCATION Op THIS PAG*Ittm Datl" elred)

U • • " ' ' + •" . . .. . ..' " " *4 .4,. v ," .,.-. v'.,...- . ' ".•' ' .+. ...- , '-•.* . *.



Approved for public release, distribution unlimited

"A Comparison of Three Magnetic Anomaly Detection
(MAD) Models

by

Daniel Carl Schluckebier
Lieutenant, United States Navy

B.S., University of Nebraska, 1973

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OPERATIONS RESEARCH

from the

NAVAL POSTGRADUATE SCHOOL
March 1984

Author: __________

Approved by: C
S~Thesis Advisor

Second Reader

4Chaj,.. , Department of Operationi'"Research

SDean of nfrmatio"*Policy Science

3



-'This ABSTRACT

-! This thesis presents a comparison of three Magnetic

4? 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

BASIC programs for the three detection models are included

in this thesis. The programs yield detection probabilities

for straight line encounters. Magnetic signal values for

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

noise, aircraft and submarine headings, 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. I: pp. 343-357]. The third model, referred

to as the OPTEVFOR itodel, is a slant range threshold

detection model. The results of the comparisons are

presented in graphical and tabular form. In addition, plots

of magnetic signals for selected lateral ranges and noise

levels are shown. The effects of noise, aircraft and

submarine headings, submarine displacement, and vertical

separation are also indicated.

The models were implemented using the FORTRAN and BASIC

programs 1 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 is generated that contains

1The programs are based on an unpublished BASIC program
by R.N. Forrest for an H.P.- 85 microcomputer.

9



probabilities of detection for each of the three models. In

addition, magnetic signal values and magnetic signal values

plus random magnetic noise values for one of the encounters

"generated by the program are included in the output file.

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

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

producing 21 detection probabilities for each model requires

approximately 10 minutes of computing time on an Atari 800

microcomputer.

10
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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 tRef. 5: p. 1, encl.

11], 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:
c M ]1/3

R- (eqn 2.1)( ORF) N

12
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The value of the constant c is 0.10 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 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 whon 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 Pd = (x);

where it is understood that 0 is the standard normal

cuniulative distribution function and x is determined by the

following equation:

R - CPA
X = . .. .

(AL) R . (eqn 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 deviation.

The value of AL can be considered to be determined by "the

combined uncertainty and variability in the values of Mr 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

13



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.

AL , 0.20 OL - 0.01

-, -i\ -.. ..
F, 4 0

-, -o - - , - - o '- -

UIETINS

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

be altered to operate in conju, ion with a larger program

to yield a probability of detection on an individual MAD

run,

The input parameters are divided into four areas for

discussion. They are: (1) sample interval, (2) earth

Smagnetic field, (3) submarine moments, and (4) other

inputs.

A.' SAMPLE INTERVAL

The choice of a sample interval is discussed by Forrest

"(Ref. 2: pp. 27-30]. In the program, the total observation

time in seconds over which the samples are taken is entered

in T7. This time should be long enough to encompass a

"complete signal" at the maximum expected detection slant

range.

As the slant range from the submarine to the

magnetometer increases, the distance over which a

significant magnetic signal is present at thie magnetometer

also increases. Figure 3.1 graphically shows the difference

15
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in the amount of time that a signal is present for slant

ranges of 200 meters and 805 meters. In 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

interval adequately covers the significant portion of the

magnetic signal for an 805 mmeter slant range at CPA.

iao iMM 0%M lWX WS40 WM ETR CPA UmWW Rk

WCON MCI 01

Fi--- .1. . S f Sa R

N • " , - -, , ,. ... •- - •

*-.- - -- - I ON- l - -l - - 0 -a

_and 805 Meters.

The time between samples is set equal to the reciprocal

of twice the upper bandpass filter frequency of the MAD

sensor. A value of 0.9 Hz was suggested for use by Texas
Instruments [Ref. 6: p. 112- as an upper bandpass filter

limit in a discussion on the effects of noise on a MAD

system. This value yields a time interval between samples

of 0.55 seconds.

The sample interval length and the false alarm rate (the

expected number of false alarms per hour) determine the

16



false alarm probability. The false alarm rate (F2) is

assigned A value of 3 based on a report by OPTEVFOR [Ref. 5:

p. 2.1].

B. EARTH MAGIIETIC FIELD

Input values for the earth magnetic field intensity and

inclination, or dip angle, may be taken from two Defense

]Mapping 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 is based on a simple dipole field model that

ii described by Forrest (Ref. 9: pp. 39-431.

"able 111-1 displays the program output values of

inclination in decimal degrees and earth magnetic field in

gamma for s,•lected geographic locations. In addition,

corresponding values obtained from the Defense Mapping

Agency Hydrographic Center Charts Number 30 and Number 39

are also 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 base case, except for the following

differences: a sample interval time of 40 reconds, aircraft

and submarine headings of 0 degrees, and a submarine

17



%a a0 *• N NEC rn o m I%

%0 10 I',r- N 4 N' W I 0 M, Or 0M NP1• W V
0 Y C W 10N N- Wy %a - M fW~

"ven MM W 4wq i LA Uiml Ln lo 4 No v Re -0

zoo

"i LOn Nw 6ý 0~ MWN "N 0"r t% M

qpI

- w 0 0@ in c. in. M IV

do uW LM W-W V 1% f"w (% LEU n-

-0 14 N N Mw

in in 0% 0

Oa"n



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

it does not give an angle of declination (variation) with

sufficient accuracy. 2 As a result, all headings entered

into this program must be in magnetic degrees. The Phoenix

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 needed for this program, but a

simplified version of one of these models that provided

satisfactory angles of declination would be beneficial if

the program were to be incorporated into a larger model that

utilized true headings as inputs.

C. SUBMARINE MAGNETIC DIPOLE MOMENT

If a submarinels magnetic dipole moment is known for the

geographical location and the submarine's magnetic heading,

2 Private communication from R.N. Forrest, who
investigated the use of the simple dipole model for this
purpose.

1 9
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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) Be its depression angle from the horizontal in decimal

degrees. 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

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

permanent longitudinal, transverse, and vertical moments of

the submarine (M4, MS and M6 in oersted centimeters cubed).

For the examples in this thesis, it was assumed that

effective deperming had been performed and program default

values of zero were used.

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,

'w .magnetic headings are required. in addition, the headings

20



must be in decimal degrees. The input parameters for

submarine speed and aircraft speed are entered in knots.

2. Noise

The magnetic noise is assumed to be such that

adjacent magnetic noise samples are independent. This

assumption 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

in units of gamma is the value entered into S1. This value

can be approximated from operational data by taking from

onte-fourth to one-sixth of the measured peak to peakI
magnetic noise. (Ref. 2: pp. 28-29]

The OPTEVFOR detection model incorporates a value of

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

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

determined by multiplying the Si entry by four.

3. Operator Recognition Factor (ORF)

The ORF is the value of the ratio of magnetic signal

to magnetic noise for which the average operator would

detect a signal 50% of the time in the presence of

background noise for a false alarm rate of 3 per hour. An

ORF value of 3 was suggested for use by OPTEVFOR (Ref. 5: p.

4.12].

* 4. Distance Parameters

Two parameters, R8 and N7, are used to define the

points plotted on the lateral range curves. R8 is the

21



maximum positive value of the lateral range in meters for

which a lateral range curve value is to be computed. N7

represents the number of lateral range curve values that are

to be computed from the maximum lateral range to zero

lateral range.

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

depth and aircraft altitude in meters.

22
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IV. RESULTS

Program outputs of the three models for a set of base

case conditions are presented in this section. Outputs for

variations from the base case are also presented. The

lateral range of an encounter (the horizontal separation

between the submarine and magnetometer when the magnetometer

is at CPA) for a 5U% probability of detection is used as a

measure of comparison. Signal and signal plus "noise"

traces for 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

signal traces appear to have the characteristics of actual

signal traces. This suggests that the signal and noise

models might be used for training purposes.

A. BASE CASE

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

for clarity.

Figure 4-1 presents the lateral range curves for the

base case. Points on the lateral range curves are indicated

by the first letter of the name of the model from which they

were derived. The slight asymmetry of the cross-correlation

23



detection model and square law detection model curves is

reflective of the shape of the signals that are 'received'

in these models.

Table IV-1. Input Parameters for the Base Case

1.8 twice the upper bandpass limit in seconds
20.0 sampling time interval in seconds
3.0 false alarms per hour
0 Enter inclination (1 x yes, 0 - no)?
30.0 area of operation latitude in decimal

degrees
60.0 area of operation longitude in decimal

degrees
45.0 submarine magnetic heading in decimal

degrees
10.0 submarine speed in knots
315.0 aircraft magnetic heading in decimal

degrees
220.0 aircraft speed in knots
0 Enter submarine moment (I = yes, 0 - no)?
0 Enter earth field (1 a yes, 0 = no)?
0 Enter submarine perm moments (I. yes,

0 . no)?
"4000.0 submarine displacement
200.0 vertical separation in meters
0.1 noise (standard deviation) in gamma
1500.0 maximum lateral rango in meters
50.0 divisions of lateral range
3.0 ORF (Operator Recognition Factor)
0.2 variability factor for OPTEVFOR model
0025 lateral range iteration number for the

magnetic signal and signal plus noise in
the output file

Table IV-2 lists lateral detection ranges and

corresponding slant detection ranges at CPA for a

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

asymmetry of the lateral range curves for the cross-

correlation and square law models, the average of the two 50

24
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CL

-1000 0 1000

METERS

Figure 4-1. Lateral Range Curves of the Cross-Correlation
(C), Square Law (S), and OPTEVFOR (0) Models for the Base
Case.

Table IV-2. The Lateral Detection Ranges, Slant Detection
Ranges, and ORF's of the Three Models for the Base Case.

Lateral Detection Slant Detection ORF
Range (meters) Range (meters)

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



and square law detection models were calculated using the

slant detection range values with the following equation,

which was obtained from Equation 2.1:

c M
ORF =---

R3 N . eqn 4.1

For the base case, the magnitude of the submarine field (M)

at the submarine is 6.35 x 108 orested cm 3 , 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 detection models can be used to describe the performance

of an operator. To do this, a modified value of the

standard deviation (W) of the input noise can be used. The

modified value is oqual to (ORF)(o')/.21 for the cross-

correlation detection model and (ORF)(w)/.44 for the square

law detection model. With these modifications, the two

models can be used 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 are comparable to the lateral range curve for

the OPTEVFOR model that is shown in Figure 4.1.

26
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Figure 4.2. Cross-Correlation and Square Law Lateral Range
Curves to Describe the Performance of an Operator with an
ORF of 3.

The automatic MAD system manufactured by Canada's CAE

-il Electronics Ltd. is expected to produce a 50 percent in-

crease in detection slant range [Ref. 11]. Using the

detection slant range for the OPTEVFOR model of 376 meters,

a 50 percent improvement would yield a detection slant range

of 564 meters. The ORF for a detection system with this

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 standard deviation equal to .88 (W)/.21 and .88 (ow)/

.44 respectively. Figure 4.3 shows the lateral range curves

of the two detection models with a 50 percent improvement in

slant range detection. Note, with the modified noise

-V standard deviations, the models are essentially equivalent

*• for the cases considered.

27
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Figure 4.3. The Cross-Correlatlon and Square Law Models to
Describe LRC's for the CAE Automatic Detection System.
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repuresetto of, magnetic signal plus magnetic noisea that

Fiues44 n 4, preentth manei sgal an a

would be received under the base conditions by a

magnetometer with a lateral range of 0 meters and of r780
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I

meters. The signal plus noise trace was generated from

signal plus noise values obtained by adding a signal 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].

hIG4IA 9CPAO 7OFM MERS SOONL N=5AT CPA@Fo~r 70 5
S,, -- '

S,. . .. ..-
UL

sMcOMos SCONOS

Figure 4.5. Magnetic Signal and Magnetic Signal Plus
Ma.gnetic 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

D peak to peak signal to noise ratio is approximately 14 to 1.

- An operator would have little difficulty identifying the

signaL in this signal plus noise trace.

Conversely, the magnetic signal shown in Figure 4.5 is

small compared 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 detecti.ng this signal at a

reasonable false alarm rate.

B. DIFFERENT NOISE INPUTS

The first variation on the base case shows the effect of

different noisa inputs. The standard deviation (o') of the

peak to peak noise is the input parameter that is varied.

Table IV-3 lists the different Oa values and the

corresponding lateral detection ranges.

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

Standard Deviation Lateral Detection Range in Meters
of Noise in
Gamma Cross-

Correlation Square Law OPTEVFOR

.005 2250(2259)* 1792(1803)* 1000 (1020)*
.01 1832 (1843) 1446 (1460) '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

dirtances in meters. The vertizal separation is 200 meters.

Figure 4.6 displays lateral range curves for the three

models when the 3tandard deviation of the noise is .01

gamma. These three curves show an increase in lateral
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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

plus magnetic noise at a horizontal distance of 780 meters

when the magnetometer is at CPA. The signal to noise ratio

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

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

meters lateral range with a satisfactory false alarm rate.

-20 -10 0-0020

o i-iJ.

METERS

Figure 4.C. 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 a .01
Gamma at 780 Meters Lateral Range.

,C. DIFFERENT HEADINGS

I ,The headings of a submarine and an aircraft in an

encounter have an effect on detection ranges. The effect of

different headings was investigated using the square law

detection model, and the results in terms of lateral

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

suggests that a submarine should choose a magnetic heading

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 model

lateral range curves display noticeable asymmetry. The

OPTEVFOR detection model lateral range curve is symmetric
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Table IV- 4. Square Law Lateral Detection Ranges for
Different Submarine and Aircraft Magnetic Headings

Aircraft Submarine Headings (magnetic)
Headings

(mgei)0 45 90 135 180 225 270 315
---------------------------- I ----------- m ----------------

0 700 650 498 640 686 640 498 650
45 724 637 505 670 713 624 501 676
90 730 654 527 654 730 646 524 646

135 712 685 505 63G 724 682 502 624
180 685 640 498 650 700 650 498 640

72 64 51 672 724 636 506 672
270 730 646 519 646 730 654 533 654
315 724 685 501 624 713 682 505 636

q

100 0000

-METERS

Fiur -.8 Laea ag-uvsfr h umrn edn

Not - n th Aicrf -edn East
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but, like the curves for the other models, it shows an

increase in detection ranges over those 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 DFACTR

(degradation factor for heading). In the model, D (a

modified slant range at CPA) determines the probability of

detection. The value of D is determined using the following

relation:

D - DC (1 - DFACTR x A), eqn. 4.1

where DC is the slant range at CPA and A is the acute angle

in decimal uegrees between the submarine heading and an

East-West bearing. The probab.Wlity of MAD detection is

determined from a table of probability 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 miters; however, the

slant range determined by a modified slant range of 545
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meters and a DFACTR w .003 is 643 maters. 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 ranges for P(det) equal to 50

percent for 3 submarine/aircraft heading combinations. The

cross-correlation 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) u .50 in Meters for
the Three Detection Models.

Submarine 45 0 90
Aircraft 315 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:

p. 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 IV-4

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

N~orth. These lateral range curves give the minimum lateral

detection ranges for the different heading combinations.

Also, for the crossa-correlation and square law detection,

models, the lateral range curves are fairly symmetric.

q .---- - - -- -------

i * - ---- --- - - - -

~~~~~~~~~i - UUi 
b****fl 

UbWb 
i*biIbl 

.. .. l

0.

. , , Ih b ibi gbib 4 *. bi _ ~ a I

010 1000

METERS

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

The submarine 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

results when the submarine displacement is doubled in each

succeeding entry.

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

Displacement Signal Slant Detection Ranges in Meters
in tons Magnitude Cross- Square OPTEVFOR

in oernted Correlation Law
cm

1000 1.59x10 8  590 463 236
2000 3.17x10 8  732 575 297
4000 6.35x10 8  907 714 376
8000 1.27x10 9  1127' 885 472
16000 2.54x10 9  1402 1099 597
32000 5.08x10 9  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, doubling

the submarine displacement should multiply the slant

detection range by 21/3 (1.26). This is 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

OPTEVFOR detection model.

Table IV-7 lists the displacement in tons of selected

Soviet submarines. The values were taken from Combat Fleets

of the World 1982/1983 [Ref. 14: pp. 602-614). This table

Table IV.-7. Selected Soviet Submarine Displacements.

Class Displacement in Tons

Typhoon 25-30,000
Delta 111 10,500-13,250
Yankee 8,000-9,600
Echo 11 5,000-6,0000
Victor I 4,300-5,100
Charlie I 4,000-4,900
Tango 3,000-3,700
"Foxtrot 1 ,950-2,400
Whiskey 1,080-1,450

is prosented solely for the purpose of the information it

contains. The submarine magnetic dipole moment program

should not be expected to give accurate estimates of these

submarine's induced magnetic moments, since the program uses

a value that relates displacement to magnetic moment that is

based on submarines of World War II.

E. VERTICAL SEPARATION

, Figure 4.10 shows three lateral range curves for a

vertical separation of 500 meters. The OPTEVFOR detection

model lateral range curve shows only a slight detection

probability even when the aircraft passes directly over the

"submarine. The cross-correlation and square law detection

model lateral range curves show an increase in lateral
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detection range Over the base case. The dip in the lateral
range curves, for each of these models, suggests the complex
variation of the magnetic signal with lateral range.

METERS 1ooo
Figure 

4.10. Lateral 
Range Curves 

forof 500 Neters, 4 Vertical SeparationTable ZV-8 lists the lateral detection ranges for
different vertical separations. 

t Shoul be kept in mind
that thseq valuey are for a single geographic location;

lcatonseq y MAY not be representative of other

Note that both the cross-correlation 
arid square
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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 22J
400 974 724 --

500 980 699
600 974 629
700 936 262

*No longer attains a probability of detection equal 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

Snoise increases. Because of the rate of this 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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V. CONCLUSIONS

This thesis has presented a comparison of three MAD

detection models. The cross-correlation detection model,

which models an optimum detector under the conditions of the

detection model, yields the maximum detection range £or a

set of given conditions. The square law detection model

does not describe an optimum detector under the conditions

of the model and yields shorter detection ranges. In the

stochastic mode, with an appropriate choice for the

parameter AL that determines the standard deviation, the

lateral range curves for the OPTEVFOR detection model become

"similar to the other two detection models. Detection ranges

for the OPTEVFOR detection model depend on the choice for

the Operator Recognition Factor (ORF). With a value of 3

for the ORF, it yields the shortest detection ranges.

Adjusting the magthetic noise level by an amount proportional

-to the effective ORF, the cross-correlation and square law

models can be used to describe the performance of an

operator or an automatic detection system.

The magnetic signal and magnetic signal plus noise

traces appear to have the characteristics of actual signal

tractis. This suggests that the signal and noise models,

which are the basis for the cross-correlation and square law

detection models, might be useful 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

magnetic headings, submarine displacement, and vertical

Sseparation. Significant results ware the large asymmetry of

the. lateral range curves under certain conditions and the

variation of the magnetic signal as shown by the changes in

.1 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.
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10 DIM (0)D(0)D(0)KluX010
FIq 1 DIM na(imm)
213 DEG
30 PRINT "MAX FRICO"?
QW INPUT Ft
311 PRINT SPRINT "MAX FREG 1111
68 Tlml/Fl
70 PRINT "INTERVAL TIME "IINPUT T77
80 0-77/2/Ti
SO H"'INT(0)
INg NH HNT(2*i:O-H))
III Mw2*H+1
120 IF M)200 THEN 70
13,1 PRINT "INT TIME -* T
140 T7-T%*M
151 PRINT "ADJ INT TIME *"IT."
160 PRINT "SAMPLE SIZE *"IM
179 PRINT SPRINT "PYRA RATE "I
190 INPUT F2
190 PRINT SPRINT 11F/A RATE w W

210 PRINT 11P1 a 111P0
=0 PRINT SPRINT "INPUT DIP ANOLE (IwYE9~o0mNQ)"IioNPUT A
230 IF A.3J THEN 210
246 PRINT "DIP ANOLS PHI "VOINPUT F
506 OOTO 420

21a090I aIw76in7IlwuLI
271 PRXNT $1PRINT "LATITUDE *
20U, INPUT L
230 PRINT SPRINT "LONGITUDE "I
3316 INPUT 0
Z13 PRINT SPRINT "LAT w OILIPRINT "4.13M w "I0
=6* P.3IN(O-LZ)*COU(L) IawCOD(O-L2)*'COU(L) 'HwIINsL)

353 U.Q;VfH
Slu GuoHU t100
ZO3 J'"J-(Sl-LI) t0wK*SIN(J~ uH"K*COU'(J)
sum u-amy-F

403 a30UU3 1130

416 PATN(2*'<SIN(J)/COU'J)>)
423 PRINT "PH4I a "Ii'
431 PRINT SPRINT "DIPOLE COURSE "WSNPUT CLSPRINT "DIPOLE SPEED "1SINPUT V1.
"SA PRINT SPRINT "SENIOR COURSE "OWNPUT C2sPRINT "SEENSOR SPEED "lvvINPUT V2
4831 POINT "DIPOLE COURUEK a "ICIIPRINT "CIPOL9 SPICED w*IV

*441 PRINT "SENSOR COURSE m "I02'PRINT "SE1NIOR SPICED w, "IV2
471 WtwV2*IIN(c2)-Vt',OZN(C1 ) WZ.V2*CO9(C2)-VI*CO5(Ci)
4ll UwWliEVmW
498S QGOUN lNN
too 03.3 awsw
(514 D3-wW4'rl*4. 6'3/S
Z20 PRINT "RIL COURSE a"ICONPRINT "R9L SPEED w "IvWW
Vw3 PRINT SPRINT "INPUT DIPOLE MOMENT elmYESYIoN0)"vINIsNUT AA
540 IF~ RAKE THEN 590
550 PRINT SPRINT "MAGNITUDE P "IliINPUT PIPRINT "HOR ANGLE w' "ISINPUT A
IBMSE PRINT IPRINT "VERT ANGLE OIMFGA "IIIINPUT 2
T.7030GTO 040
$910 PRINT 'F'RINT "INPUT UAKTH PIELD (t*V!Sv0-NQ) ".INNPUT AA
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$94 IF ARIA-1 THEN 520
503 PRINT 'PRINT 'IFERT4 FIED "viINPUT El
Gil GOTO We
62M E1u73WW/$R(c"CM(F*COS(F)+1)
621 PRINT sPRINT 4EPJRTH FIELD- a IlEl

ISO PRINT :PRINT 4INPUT PERM MOMENTS (10YE5,I.NO) "ItINPUT AA
150 IF 4A~n THEN 510
4710 PRtNT I PRINT 'GLONUI MOMENT "1I. INPUT M41 PRINT "TRAIN MOMENT TMaINPUT Ma
586 PRINT "VERY MOMENT "ItI INPUT MS
696 PRINT 'PRINT "LONG MOMENT a 0IMa.IPRtNr "1ThAN MOMENT us "I'PRINT "VERT MOMEN

"T*"IMS
Tam K£w7.33K21.G13I(tu.$
713 PRINT tPRINT *-DISPLACEI¶ET "Il
il&M INPUT Ni
73Z PRINT sPRINT "DISPLACEMENT - "NiL
7,oZ NN1%NI
144 M30C1*K24N1*SIN(F)1M30M*M1 G
730 Mvs1i*cO5 (F)*N1M1KIcO5(CI) *COS(CI) K2*SINtECl SI6N (CW)
760 MI-M4*6IN(C1)4MS*CO3(C1)3Mt2mM46COC1(-M5*6IN(.C1)

733 MI-M74MlI M12fMS+M0A
7131 ummlIIvan

'310 AJ1UwM%1VuK
323 uO9U3 isms

(140 PRINT iPRINT IIP a NIPIF'RINT "liq "IRIPRINT "OMEGA a 'Il

860 XPIN 92

all VTWM*< 1-2/S/M~y*6QM(V/1/M~) A3
910 PRINT SPRINT "VKRT SEPARATION "ISINPUT Z
223 PRINT 1PRINT "VERT 89PARATION a NIZ
213 PRINT iPRINT ONOI~t Ov
323 INPUT 61

13I PRINT IPRINr "NOISE - *11
1*3 PRINT SPRINT "MAX L.ATIRAL. RANOM "IS INPUT R4
133 PRINT SPRINT "INUtIlER OF INCREMENTS III$INPUT N7
163 PRINT iPRINT "MAX LATERALA RANGE a 01USPRINT "NUMBER OP INCREMENTS * "IN?
264 PRINT $PRINT "ORF '11ININUT OR7
196 PRINT oPRZNT "ORF~ a * A
173 0D1111"/N71NOW200N?
274 PRINT sPRINT 0 ALPHA "11INPUT AL
171 PRINT sPRINT 0 ALPHA a"IAL

"11 FOR -4TO No
to"I KU-LU' KU 'E)-Lg
1323 MONUN 1621
1323 LSOLS404

is" COTO 1256
1%NO IIRPHIC3 310OLOR 1.
13go X~aINT(31Q/N8)
togs XU(U)uI
1Is3 FOR 1111 To No

5,lit1 NEXT I
1123 PLOT XI(3),O1(M)
1132 FOR :at TO NN
114A DRAWTO XG(I)VO1(I)
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1130 NEXT I
1160 PLOT XQ(Q).DV.0)
%170 FORI lot TO NO
1120 DRR'W.TO X0,EI)pD2(t)
1.190 NEXT I

4.C11XS2 PLOT X3C0~vD!(0)
1194 FOR lot. T0 NO

1198 NEXT 1
1220 PRINT "PC FOR X FRON I-M ; TO "IRS
L233 0070 1610~
12SWJ PRINT' "FOR HARD COPY ENTER V1 "I I INPUT CC
122! IF CC001 THEN 0070 1030
I=0 L.PRINT NMAX PRE13 a -
=0i L.PRINT "ACJ INT TIME -"IT7
1320 L.PRINT "SAMPLE SIZE "I
1=13 L.PRINT "F/A RATE -"W
1=~ LPRINT '1PW a OvPt
1340 L.PRINT "LAY w -l
=0! LPRINT "LON w 11
1360 L.PRNT "P94! u "~
1370 LPRINT "DIPOLE CO3URSE - "101
1399 LPRINT 401POLE SPfED - "IVI
1IZ3 LPRINT "IENSOR COURSE a - C
1400 L.PRINT "SENSOR SPEED m u V
WO41 LPR!NT OREL COURSE a OC

1.420 LPRINT OREL SPEED N41WO
4'. Ld&O LPRINT "EARTH FIELDl m 1-

1"MI LPRINT "LONG MOMENT a "1114
'K1450 LPRINT OTRAN MOMENT a-"111

1"13 LPRINT "VERT MOMtENT a U M
147QI LPRINT "018PLACEMINT a "INNI
1480 LPRINT *PLm OlP"1

1253 LPRXNT OVERT SEPARATION 0 "lZ
1510 LFRINT "NOISE w "119
15313 4FRINT "MAX LATERAL RAN139 w "IRE
1520 LPAZNT "NUMBER OF INCREMENTS m I1N?
13=! LPRZNr ILPRNT "LrR RNG PC=0) PD(SL) IPD(OPT)
15Z13 LI-RU
Is=! FOR X-6 TO No
i1s44 L.PRZNT L21I" "Vo1(1)IM "vD2(1W "ol(%
IZ40 LSOL3+04
1I= NEXT t
1550 0070 1630
1500 PRINT "ENID"
1810 EDJ
1622 U-XoVNZ

1513,1 dusus Isom
1649 DwJIHIAK
1542 KH- (Q. I'eP/ CORF*42) All.Z
1543 $IO'AL'wNH
1545 X-(Ril &m)/igl

154.7 on(VolV
1550 3UaCQI(S)*COS(C2--) I J00CO38(D) *CCU (9) *SIN( CM-A) -SIN (0)*SIN (B)

Iiim NQ1-(SIN (0) *cOU(a) O41N(cmA) )-0.30Sf) OSNONc )

1710W Ii

17232 FOR 1-S 0 To -1
17Z3r Sm,1-411-1/2)'wOZ
1748 QmS/94
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j~5~Guj(t:Q*QA2. 5

1,772 aas0s~*
1780 NIaXT I
1736 RETURN
199M IK2SOR(3&1)

1920 VB-VG~(*9CisR(so) '91

1840 V9--S0R(2*V7/B3)+SOR(2*A3/D3-1)
IS50 XinV~siOSUB 1990
1960 01(hm)-Y
1970 XmVgvCDSUB 1L390
,,.980 D2(E)-Y
1399 RETURN
1909 K-gQR(U*U+V*V)IIF K-0 THEN JuagRZTURN
i12n UKmU/KIVKoV/K
1997 IF U~*0.999999 AND VK)0.999~919 THEN JuAi RETURN
1908 I~F UK)ZS 5 S99 9 THEN J--ATN(VK/Rgfl(-VK*VK+1I))+iMsRETURN
1909 IF VK)ID. 999999 THEN J-MoIRETURN
MAI0 MM-ATN(UI(/9QR(-Ut(*UK,1)) ¶Ju-fRTN(VK/iQ0RC-YK*YK+1I) 'I90t IF MM (0 THEN J-160-J
1915 RETURN
1920 YmXIF DIC Tl.N V-i-V
1332 Yu4hR (LOG IiP,/V/'
1949 L3im2. 515$17I01in9. C2S!3'O2-&.30321932
1950 HI-i.4 2P H 199IB2591H3=1. 398E-a3
1990 Y.Y'-<O94V*(0WG.+O*Y))/(±4Y*,,H1+Y*(H2+H~ii.V)))
¶,979 IF' X). THEN V--V
1990 RETURN
1999 Y-XslF X(M THEN V--V
2009 Wa'1/(1.9. 231641S*Y)
2010 Q-.3995'2U !~69:~1 94730--.B~:~1 974
2629 '.F Y)24.23 THEN VoiItflOTO 2979
21r.! Pl'3. 14155265
2I30G Y-EX (-(Yp./2) ) /9R(2*Pt)*g*(14W*(g2+lW*(0.W.(04+.Wa 5)~)))
2876 IF XDO 1"AEN Ywl-Y
2@ 75 Y-(INT(1999Io*Y) )/119006
2380 PETURN
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MAX FREG "1.13

ADJ INT TIME , 20.5555555
SAMPLE SIZE Z 37
F/A RATE a 3
PF- .0166666655
LT- 30
LON - 60
PHI " 59.,4076979
DIPOLE COURSE m 45
UIPOLE SPEED m %4
SENSOR COURSE , 315
SENSOR SPEED a 220
REL CU2URSE a 312.397439
REL SPEED -220.227153
EARTH FIELD w 52506.5513
LMtG4 MOMENT w 0
TKHN MOMENT - 0
VERT MOMENT • 0
DISPLACEMENT a 4000
P , 634694892
w - 32.G"7507Thl
OMEOA - 27.11173173
VERT SEPARATION a 2OW
NOISE - 0. 1
MAX LATERAL RANOE u 1500
NUMBER OF INCREMeNTS 15

LT? RNi PD(CC) PD(SL) PD (OPT)
-1503 0.0544 0.0150 a
-14020 0. 0696 0.0166 0
-1300 0.0948 0.0181 0
-1200 0. 1391 0. 02409 0
-1100 B.2212 0.0266 0
-tram 0.3765 Q. 4043 0
-900 6. 6399 0.1801 a
-0, 0..91st 0. 2:3"3 0
-700 I. 999 0. 67A3 a
-6.10 1 0.9973 2E-464
-506 1 1 0,0133
-400 1 1 0. 1605
-300 1 1 0.567
-238 1 1 0.58856
-100 ?. 1 0.9774
0 1 1 0,.399B

130 1 1 0.9774
200 1 1 0.356E
300 1 1 0.567
480 1 1 0.1605
50s 1 a. 99 0. 013
693 0. 9997 0. 7!!& 2E-04
70 0 .9157 0.2189 0
s0e 0.57"75 0.0677 0
Sam 0.3014 0. 1 00
lose 0. 1644 0. 0226 a

1100 0.1003 0.0184 U
120U 0.0683 0.0165 0
•130 0.0505 0.0156 a
1400 0.0405 0.0151 a
100 0.034 0.01469 0
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