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1.0 Introduction

The Magnetic Search System  MSS! is virtually the only

effective means of detecting and localizing buried ferrous

objects such as pipelines, wrecks, mines, etc. It is also

effective in the confirmation of the ferrous content of

objects located by sonar. In spite of the importance of the

magnetometer, as a search and classification sensor, it has

not received the research and development emphasis accorded

other sensor systems' An objective of this study program to

improve MSS performance through the application of intelligent
system concepts and the use of modern microprocessor s. This

document addresses the initial phase of this program, an

in-depth analysis of the system currently in use by the

Explosive Ordnance Disposal Technology Center  EODTC! .

1.1 Ori ins of the EOD MSS

The present system employed by the EODTC stems directly

form the Suez Canal MSS deployment of 1973. The 1973 system

consisted of one reference magnetometer towed just below the

surface and four sensor magnetometers towed at 5 feet above

the sea bed  Figures 1 � l and 1-2! . The system could be used

in one of two modes either as four separate magnetometers or

as a ganged gradiometer. In the first mode, the reference

magnetometer was used only at the commencement of the search

to input a reference signal into the frequency synthesizer. In

the gradiometer mode, the reference magnetometer was used

continuously, its signal being mixed with the incoming near

bottom sensor signals. The NCSK Magnetic processors took the

resulting difference frequency and processed it to provide a

dc voltage directly proportional to the difference in the

total magnetic f ield as seen by the reference sensor and each

of the bottom search sensors ~
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The system utilized during Suez operations was assembled

on a priority basis using available components. The Cesium
Vapor magnetometer used in the system was available only from
Varian. The signal processing equipment was developed at the

Naval Coastal Systems Laboratory  NCSL!  now the Naval Coastal
System Center! and was essentially an analog system. In spite
of the short time available and entirely manual data analysis

approach, the system did function as expected and accomplished
its objective. It was capable of detecting and approximately
locating a wide range of ordnance items from artillery shells
to bombs and mines. It was slow, cumbersome and manpower

intensive.

The components developed by NCSL performed as intended
under difficult operational conditions. While the "Suez"
system utilized a totally analog instrumentation approach, it
apparently was accurate and stable. The Frequency Translator
 FT-01! and the Magnetic Processor  MP-01! are both directly
useable in the digital processing system that is discussed at
a later point in this report. Both uni ts require careful
integration into an improved system to avoid some problems
observed during normal search operations.

Although the Suez system provided a degree of success,
the operational problems encountered were significant. These
problems were mainly due to �! the accuracy of sensor
location, �! the maintenance of an accurate search course,
�! the sheer volume of data and how to analyze it, and �!
the re-location and marking of the objects detected. A major
problem not mentioned in the NCSL report and the reason why
the EODTC now only deploys a single sensor system was a
question of logistics. The deployment and recovery of the
five magnetometer system was an operator's nightmare. The
operational utility of a single magnetometer system and its
capability to resolve spatial and temporal inconsistencies in
search operations is the aim of this research effort.

1-4



1.2 The Present EODTC S stem

The system currently in use by EODTC consists of a
Controllable Depth Depressor  CDD! whose function is to tow a
magnetometer at a controlled altitude through the water. The
magnetometer is housed in a torpedo shaped waterproof housing
which has slightly positive buoyancy. The magnetometer unit
trails the CDD by about 45 feet to eliminate the possibility
of being affected by any magnetic influence emitting from the
CDD and to keep it clear of the turbulence caused by the CDD

 Figure 1-3!.

The CDD was designed to fly at a constant height above
the sea bed using data received from an acoustic altimeter in
the CDD. As an alternative, the CDD can be controlled to
maintain a constant depth. The CDD is hydrodynamically
controlled from a control unit on the tow craft that is
designed to supply power and command signals to both the CDD
and the magnetometer. The control unit also routes depth,
altitude, slant range and gamma reading to the data processing
and recording portion of the system. Slant range is measured
by an acoustic transponder with an interrogater at the
surface and a receiver in the nose of the CDD. The time delay
between transmission and reception is used to calculate slant

range.

The electronics package in the CDD tow body was ori-
ginally designed to accept the gamma  Larmor frequency! signal
f rom the magnetometer, use it. to modulate a carr ier and then
transmit it to the control box to be demodulated and pro-
cessed. The resulting output signal was contaminated with
external noise to the point that it could no longer be used to
detect small anomalies. Therefore, the EODTC restored the
system to its or iginal conf iguration, transmitting the raw
magnetometer output signal to the sur face control box without

1-5
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Figure 1-4 Present MSS Confi uration



the modulation/demodulation taking place. The Larmor signal

is now directly inputed to the magnetometer processor de-
veloped by NCSL for the Suez conf iguration. The geographic
location of the gamma readings   indicated anomalies! are

calculated from pr inted data and event marks at the edge of
the strip chart from the MFE-1600 recorder. The operator
annotates this event mark with the numerical designation of

the XY position printed by the HP 9825 calculator.

1.3 Procedures Utilized in the Quick Look Anal ses

There were four distinct elements in this quick look
analysis. The first was an analytical review of the EODTC
Magnetic Search System as it is currently configured and as it
has evolved from the ganged magnetometer system deployed
during the Suez Canal clean-up operation. This review was
both to familiarize the study team with the system and to
determine the expected performance characteristics and
operational problems during typical search operations. While
there may be a few remaining uncertainties, the objectives of
this analytical review were achieved

The second element of the study was to take the system

out, operate it and acquire data that could be utilized in
laboratory tests of a computer ized MSS data acquisition and
analysis scheme. These sea tr ials took place on 17 and 18
April in the Test Area. Arranged on an ad hoc basis, there
were some initial NSS equipment and test instrumentation
problems. However a quantity of digitized search data was
acquired and full parallel analog recorded data was also
obtained. Even more important, a number of the systemic
problems in the EODTC system repeatedly occurred dur ing these
tr ials. This information will aid in def ining some of the
improvements that will enhance the operational ef fectiveness
of the basic system. The EODTC personnel who crewed the
system during these trials are well aware of these operational

1-8



problems, some of which can be partially resolved without

signif icant modif ication to current hardware or data reduction

procedures. A substantial por tion of this report addresses

these problems and the teams initial recommendations.

The third element of the study was to reduce the data,

both analog and digital, and attempt to correlate measured

data to expected anomaly signatures of ferrous objects of
interest known to be in the test area. This effort con-

stituted the bulk of the study. It also helped quantize the

nature and extent of the problems in utilizing the NSS Some of

these problems trace to equipment malfunctions or particular
limitations in the magnetometer, the tow system or the

problems in locating tow body position relative to the radio
positioning system on the tow vessel. In general, the study
team has been able to sort out these problems and their

interaction and is making specific recommendations. The

correlation between measured data and expected signature

patterns  anomaly maps! from both a theoretical dipole concept
and measured data  Reference l! indicated that the single

magnetometer system is capable of mapping anomaly contours
useable for target location and magnetic moment approximation.
Problems with tow body location  positioning! and intermittent

sensor output make this a difficult task at present. However,
realistic improvements to the equipment and analysis pro-
cedures should significantly improve system performance. A

computer algorithm to locate and estimate the magnetic moment
of a dipole anomaly is derived and tested.

The last element of the study, which is only partially

addressed in this first study report, was to examine the

potential improvements to the system. These concentrated upon
digitization of the magnetometer output, digital filtering
and computer correlation of anomaly contours. While most of
this report looks at post exercise re-construction, the
concept could be accomplished in real-time during search

].-9



operations. A zeal-time capability ~ma require a more capable
microcomputer than that utilized in the current system  HP

9825! .

1.4 Ob'ectives of the MSS Im rovement Pro ram

The long term objective of the overall MSS Improvement
Program is to substantially increase the search rate, re-
solution  object size and location! and timeliness of NSS
operations' Ideally MSS search rates would approach that
achievable with the other principal EOD search sensor, side
scan sonar. The likelihood of this degree of improvement in a
NSS that utilizes a single total field magnetometer is nil.
There are however, indications that a more advanced multiple
sensor MSS utilizing spatial and temporal gradiometric
processing would come close to matching the search rates of
high quality side scan sonar systems. This long term objective
is the focal point of the program subsequent to this quick
look study.

The short term, or more accurately, immediate objective
is to improve the current MSS as much as possible and at
reasonable cost. This study, in part fulfills this objective.
The degree of improvement, reasonably achievable, is defined
in terms of impact upon search rates and timeliness of reduced
and interpreted data. This br ief study presents the study
teams' conclusions concerning the current MSS conf iguration
and two distinct recommendations. The f irst, presented in
Section Five, covers quick equipment fixes and analysis
procedures that will improve the accuracy of the anomaly
charting process. These recommendations can all be imple-
mented in the immediate future by EODTC personnel.

A second set of recommendations is presented in Section
Six. These concern the automation of magnetometer signaL
proceSsing and real-time charting of sensed anomalies. The



digital signal processing and charting system recommended

could be implemented within 12 months and would provide a

real-time output of accurately measured and charted magnetic

anomalies. This syst.em would provide the upper limit in

search capability possible with a single magnetometer con-

figuration.
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2.0 MSS Confi uration, Procedures and Status

The MSS, in evolving from the hardware used at Suez, has

inherited a few of the problems from the equipment that has

been retained and a few from the modifications necessary for
the single sensor configuration. There are also interactions
between old and new components that frequently cause the loss
of data during search operations. This section provides a
concise description of the current system and its operational
procedures as background against which the results of the
"quick look" analyses and sea trials are discussed. There is
also a fairly detailed discussion on the operational status of
the system at the time it was used in the April sea trials.

2.1 S stem Confi uration

The currently used system was br iefly introduced in
Section 1. 2. There are only a few elements of the system that
need to be discussed in greater detail as a background to the
analyses, conclusions and recommendations of this "Quick Look"
Study. There are the magnetometer signal processing, the
process of determining sensor position and the problems in
maintaining proper sensor orientation with respect to the
earths ambient magnetic field.

2.1.1. Ma netometer Si nal Processin

The processing of the LARMOR frequency output from the
single cell VARIAN cesium sensor is the most critical cir-
cuitry in the system. The ultimate sensitivity and stability
of the system is dependent upon the character istics of the
sensor, the signal processing equipment and the attitude
stability of the cesium sensor as it is towed through the
water. The following material is based upon the material

2-1



documented in the NCSL Report on the Suez equipment  Ref. 1! .

There are some interesting inconsistencies in this repor t

which are noted.

The simpl if ied block diagram of the magnetometer signal
processing circuit is shown in Figure 2-1. The VABIAN Cesium
sensor output is a low frequency RF signal that is propor-
tional to the earths total magnetic field at the sensor site.
This is a scalar measurement; a single sensor is incapable of
measuring the vector components of the field. The ultimate
sensitivity of the sensor exceeds the resolution of the
remainder of the system. The sensor has a linear relationship
between the Larmar frequency and the earths field. As the

ambient field varies from 20 to 80 kilogamma, the larmor

output will vary from 70 to 280 kHz. This corresponds to an
approximate 3.5 Hz/gamma scale factor.

The FT-01 Frequency Translator is normally only utilized
when a system is configured to utilize a reference cesium
sensor  in the far field of the anomaly! and measure the
difference  gradient! between the search and reference
sensors. This is the configuration shown in Figure 2-l. This
arrangement is rarely used in the EODTC system. It could be
of value for zeroing the system or with an external mag-
netometer to null out large perturbations in the ambient field

such as those caused by micropulsations.

The normal signal circuit for a single sensor system
would have switch One in the "B" position where the reference
frequency is provided by a stable RF Frequency Synthesizer. In
this position, the FT-01 Frequency Translator is completely
out of the system. In this configuration, the system is
set-up prior to the start of the run by setting the frequency
synthesizer at approximately 1 kHz above the Larmor frequency
from the search sensor. The zero adjust on the MP-01 Magnetic
Processor can then be set to the center of the linear dis-

2-2
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cr iminator range or to zero scale the pen on the recorder. The

search would be run with the frequency synthesizer fixed

unless area gradient or diurnal changes in the ambient field

necessitates adjustments to bring the recorder back on scale.

This arrangement will work quite well as long as the output of
the frequency synthesizer is stable and free of spurious

signals. If there are spurious signals or noise in the output
of the frequency synthesizer, these may result in unwanted
cross-modulation products in the mixer in the MP-01 with
resultant non-linearities in the discriminator output.

This can be minimized by inputing RF reference signal

into the Frequency Translator in place of the reference sensor
Larmor signal. It would be set up as before except that the
frequency synthesizer would be set to the same frequency as

the Larmor signal from the search sensor. The FT-01 unit
would generate the difference frequency internally and the
phase lock loop  PLL! would effectively reject any spurious
signals.

There are some interesting aspects to this signal

processing scheme that could cause operational problems and
hence require some explanation. The first concerns the
stability of the processors when the Larmor signal is lost.
This is a frequent problem that should be well understood. The
Varian cesium magnetometer must be aligned in a fairly precise
attitude with respect to the earth's ambient field. The
alignment used in the EODTC system is shown in Figure 2 � 2. The
primary axis of the sensor is vertical in the tow body and the
active zone  shaded angle! covers from about 15 above the
horizontal plane to about 15o from the vertical. The optimum
earth's field angle is about 45o off the sensor axis. The
inclination of the earth's ambient field at the test site is a

nominal 67 degrees, also shown in Figure 2-2. This is less
than 10 degrees form the polar dead zone centered on the
principle axis of the sensor. Any significant tilting of the
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sensor from the local vertical would result in a rapid

fall-off in Larmor signal amplitude and eventual loss of

signal. In fact, Larmor signal amplitude should be well down
 from peak at 45 field inclination! even when the sensor is
vertical. It should be remembered that the sensor active zone

is a conical section of revolution. The geometry is therefore

independent of tow body heading. N-S, S-N, E-W and W-E

courses would all see the same geometric relationship. The

problems of maintaining proper sensor orientation with respect
to the earths field will be further discussed in Section

2. l. 3.

Temporary loss of signal from the magnetometer is not a
serious problem as long as it does not persist for more than a
small fraction of the time. It persistently occurred during

the April trials. Possible causes for this will be discussed
in the discussion on tow body configuration. When the sensor

returns to the desired or ientation the Larmor signal should

return and the Magnetic Processor will again function nor�

mally. There is one potential problem in the system that
could occur when a reference sensor is being used to derive
the reference frequency input to the search sensors' Magnetic
Processor. If the Larmor frequency into the Frequency

Translator is temporarily lost, the Phase Lock Loop  PLL! will
lose lock and the voltage controlled oscillator will cycle

between its lower limit and a frequency that corresponds to

the highest Larmor frequency to be found on earth. When the
input Larmor signal is restored, the PLL can lock on a
frequency exactly one kHz below instead of above the Larmor.
this will fully satisfy the PLL circuit but will produce a
reference frequency offset from that on which the Magnetic
Processor has been set. Since the gain and zero offset

controls on the MP � Ol output have been set for a 50 gamma

full scale input to the recorder, this may shift the output
off scale at the recorder. This problem will not occur if the
lower frequency limit on the VCO sweep is set at or near the
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expected Larmor frequency. It cannot occur if a RF Syn-
thesizer is providing the reference signal, either directly to
the Magnetic Processor or through the Frequency Translator.

The concept utilized by NCSL in the development of the
MP-01 and FT-01 was and remains one of the most effective

means of precisely measuring the output of the Cesium sensor.
I t is f ar more prec ise than could be implemented by direct
frequency counting. It also provides essentially an in-
stantaneous measurement which is not possible in a counter.

Between the need for a counter interval and the + one count

error problem, the counter approach lacks the precision of the
MP-01 by at least an order of magnetitude. The NCSL Mag-
netometer Processor would be retained in any computer based
processing scheme proposed herein. The Frequency Translator
is necessary whenever a reference magnetometer  either fixed
or towed! is incorporated into the system. These potential
improvements will be introduced in Section 3 and described in
Section 4 of this report.

2.1. 2. Determination of Sensor Position

One of the more significant difficulties in obtaining an
accurate fix on the position of a sensed anomaly is deter-
mining the location of the sensor relative to the precision
radio positioning system on the tow vessel. The technique
used during the April sea trials was ad hoc since the slant
range measurement system was not functioning. It is rea-
sonably accurate in shallow waters where the cable scope is
relatively short. This technique is described in Section 2.3.

Even when slant range is measured, the problem of
determining sensor position can be quite complex if there are
strong cross-currents or if the water is deep requiring a long
scope in the tow cable. The techniques for determining sensor
position relative to the vessel can be quite complex, po-



tent ially requiring instrumentation more sophisticated than
simple slant range and depth measurements. The mechanics of
this problem and some calculation routines to determine sensor
location are covered in Chapter 4. The impact of these errors

surface as problems in locating and measuring the magnetic
moment of an anomaly and in assuring that there are no

holidays in the search pattern. The single magnetometer
system is particularly difficult to utilize successfully when
positional errors are in the order of the spacing between
adjacent tracks.

2.1.3. Sensor Orientation

The orientation of the Cesium magnetometer with respect

to the earths ambient field is one of the most serious

problems in the system. The discussion in Section 2.l.l
indicates the scant margin for mis-alignment in the current

configuration. The April tests, in which almost half the
tracks resulted in no data is a severe example of the problem.
The suspicion is that the sensor tow body has dynamic trim
problems and that it is actually flying at a significant
�-10 or more! pitch angle. This would move the earth' s
field angle closer to the optimum �5o! angle on the south to
north heading. On the reverse course, the pitch angle would
result in the polar dead zone and hence loss of signal. The
margin of correct alignment is narrow when the sensor is fixed
in the tow body for all possible tow headings. Varian, in
their literature suggests double cell sensors, which would not
help the situation. They alternately picture the use of six
cells to provide essentially full spherica! coverage. This is
an expensive over-kill. There are other more reasonable
alternates.

Before these are discussed, it is useful to examine the
problems in using the current configuration when the search
pattern is other than generally N-S. As the extreme on E-W
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set of tracks will result in proper sensor alignment being

dependent upon the roll stability of the "torpedo" shaped tow
body. Unless unusual steps are taken to achieve reasonable
roll stability, the system will become extremely sensitive to
cross currents and course changes of the tow vessel. The roll
stability problem exists at all headings but is far less

severe for N-S course bearings.

2.2 Current Data Ac uisition and Anal sis Procedures

Search patterns are typically conducted in a north -south
pattern. The track separation is usually at 10 meters. The
trail distance of the sensor is estimated by making several
passes  at least 2! in a north to south and south to north
direction over a known target. This value of trail distance

is used in all subsequent position calculations.

As the search is conducted data was collected and

recorded in the format shown in Table 2-1.
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Table 2-l

Data Collected Durin Search 0 erations

Signal Name Recording
Medium

Type of RecordSource

analog

analog

Gamma

Altitude

Magnetometer Strip chart

Strip chartAltitude

sonar

Depth Strip chartanalogPressure

guage

Radio
navigation
system

output from
HP 9825

computer

Paper
printout
and ter-

minal

The post data reduction consists of marking the steep

positive to negative slope equivalent to half the maximum
gamma peak recorded. This mark  hit! is then allocated an XY
position from between three event marks  Figure 2-3!. The
fraction at which point the event took place, plus the first

and third XY position are punched into the HP 9825. Using the
trail information, the HP 9825 prints out a calculated XY

position of the hit  Table 2-2!. Using still another program,
the HP 9825 plots the positions of the hits on a platter for a

visual presentation  See Figure 2-4!. Ideally, with this
information, it would appear possible to plot positions and

gamma strengths and get some idea of where the target is
located as is shown in Figure 2-5. In reality though, the

picture normally looks like Figure 2-6. As you can see, the
hits are scattered in the x axis, rather than being aligned as

in Figure 2-5. Such a hit pattern is probably due to in-
accuracy of magnetometer position estimates.
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Figure 2-5
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Figure 2-6

Gamma Readings Plotted in Actuality
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Possible reasons for the difference between actual
and theoretical readings are the peturbations be-
tween the true and actual positions of the sensor
in relationship to the tow vessels position and its
height above sea bed, and inaccurate estimation of
trail distance.



2.3 Current MSS Status

The analysis of data from the April trials and recom-

mendations for improvements to the system must take into

account the condition of the equipment, its operational use

and the results that it currently is able to attain. This

section is detailed and as factual as possible. It does

provide some insight into basic design, maintenance and
operational problems that are real and persistent. The
discussion is generally terse.

2.3.1 E ui ment Status

2.3.1.1 CDD Vehicle

 a! 52 CDD Partially Operational

 i! Operating with an externally mounted modified
Mesotech 807 altimeter  Frequency 225KHz!

 ii! Operating without slant range  slant range
vehicle electronic circuit card corroded!

 iii! Operating with a wing prone to flooding

 iv! Operating with a possible signal cross talk

between data channels

 v! Operating without cable scope to depth

parameters

 b! 41 CDD Status Not Operational

 i! Used as spare parts
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 ii! Previous flight qualities good

2.3.1.2 CDD Control Box

4l CDD Control Box Operational

 i! Operating without a back-up control box

Operating with an altimeter set point control

that is in error from the actual control point

by a factor of five

  ii!

  iii! Operating with uncertain calibration of the

loop gain control.

 iv! Operating without a warning lamp to indicate
"reset/normal mode" from "fast mode"

2.3.l.3 Ma netometer Sensors

g2 Magnetometer sensor. operational

gl Magnetometer sensor: non-operational

 i! Operating with a possible signal cross talk

problem

 ii! Operating without known tuning for the
reference signal from the synthesizer

 iii! Operating with the through water orientation
of the sensor unknown and probably at a pitch

angle relative to the horizontal



  iv! Operating without the ability to f ine adjust
the sensor orientation within the sensor

housing

2.3.1.4

Operating with two areas of radio interference within the
tr ial area.

2. 3. 1. 5 HP Desk To Com uter 9825

Operating without a de-bugged CDD boat program. The depth
and slant range data cannot be used for calculations of tow

body position.

2.3.1.6 NAVSCHOEEOD Search Vessel

The recent trials indicated that the search vessel

employed was ideal for the task. It was stable, with adequate
covered and open work space. Another point in its favor was
the addition of a competent crew who could relieve the R&D
group of the added responsibility and concern of running the
vessel.

It was noted that accurate revolutions to speed had not

been calibrated.

2. 3. 2 Search 0 erations

2.3.2.l CDD 0 erational Status

Although the CDD was fitted with an external altimeter it
did not appear to degrade its excellent flying capabilities.
It gave good and rapid response to climb and dive commands.
During the 18 April trial it flew between 2 and 4 feet below
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the set point altitude for the major ity of the mission with

occasional excursions to 6 feet below set point. However,

periods of instability were experienced and are outlined:

oscillating phase which would make it climb and dive
in increments of approximately 5 to 12 feet' If the

CDD is receiving the correct set point then the major
cause may be the stress experienced in recovering

from a turn and most frequently occurs in water

depths under 60 feet  Figure 2-7!. Boat speed changes

of 0.4 knots were experienced during the porpoising

motion.

unstable was in water depths over 80 feet  Figure

2-8!. It can be seen from the photo-stat of the

strip chart that the CDD is being tugged through the
water erratically  arrows indicate! apparently in an

attempt to get deeper but having insufficient scope
to attain depth. Proof that the CDD is no longer
working efficiently can be derived from the sig-
nificant increase in drag shown by the extra strain

slowing the search vessel from 5.5 kts at 65 ft to
5.4 kts at 73 ft to 5.3 kts at 81 ft and to 5.2 kts

at 88 ft when the CDD is attempting to maintain an

altitude of about 15 to 20 feet. When the CDD was in

constant water depths of 80 feet it could achieve

stability and fly level at approximately 15 to 20
feet altitude with only a loss of 0.1 knot. The

importance of correctly monitoring the CDD is
emphasized in Figure 2-9 which shows the area of
incomplete search due to CDD instability. Approxi-
mately 47% of the data was unreliable. It is
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appreciated that scope/depth tables have not yet been

compiled, therefore, a guide for future trials is

submitted in Chapter 5 of this report.

2 3.2.2 Na netometer Sensor 0 eration Status

The magnetometer data appears to be degraded on the

following occasions:

 a! When the gradient slope runs the gamma signal to

either side of the strip chart

 b! When the sensor exceeds 25 feet altitude

 c! When the sensor approaches or drops below 10 feet

altitude

 d! When the sensor porpoises through changes of lQ feet
or more f.n altitude

 e! When crosstalk is experienced

 f! When in the vicinity of gross magnetic targets

 g! When the sensor approaches the limits of the polar
dead zone

The problem in  a! is self explanatory in that it results
in the loss of peak analog signals that should normally
indicate the maximum positive or negative gamma readings.

Exceeding 25 feet altitude  b! results in the loss of

outer signal coverage for the target.  Chapter 3!
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Study of the trial data has indicated that when the sensor

approaches to within 10 feet or less altitude  c! background
noise due to close proximity to the sea bed surface and small
magnetic anomalies distorts the clean gradient. The resultant

signals mask target anomalies.

Sensor porpoising in excess of six feet  d! distorts the
gamma signal by changing the target anomalies expected signal
strength thereby making judgement of a contact diff icult to

impossible  Figure 2-7! .

There is still suff icient evidence to conclude that

crosstalk  e! is emanating between the altimeter and the

magnetometer signals  Figure 2-10! .

Gross targets  f! such as the submarine not only distorts

the gradient their sheer intensity masks out any lesser

signals

Table 2-3 tabulates the data loss due to erratic CDD

behavior and the magnetic anomaly of the submar ine. I t also

illustrates the average gamma gradient shift for the search

area.

On 18 Apr il 1984, $2 magnetometer lost lock on South to
North headings  g! . It was naturally assumed that the sensor

had tilted into the polar dead zone. It was also assumed that
water current speed or direction was to blame for this
condition. A thorough study of the conditions on that day
were compared to other trial days when the magnetometer did
not lose lock. No excessive currents existed, in fact the
current changed direction during 18 April trial with no
appreciable change in magnetometer data  Table 2-4! . There-
fore, speed and direction of current were discounted as a
cause. The next thought was perhaps the sensor head had moved
inside the housing, knowing how tight a fit that is, this
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Table 2-3

Data Loss and Gradient 12 A ril 84

Average gradient due to spatial effect = 38 gamma for 1600m
Average good data recording rate = 53%
Average signature influence from submarine to Y 945 ~ 630m
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Table 2-4

Appendix 3
Track Information Record

Tierney
Richardson Program Cart 0 Boat Normal

Data Set  Data
Table!

Range

Sea State

West 6kts
Deck Trail 6.56m

13.96mMag 42

Direction Time
In

Track
ffset

Time

Out
Result DifRevNor Spec

Trail
1

5.21032 10361070
.9

Good

Y/on K/on
6 ' 171039 10441070

1047 10521070
.0

Good
Y/on X/on

1055 10591070

Good
1103 5.710591020 .6

1108 5.11020
.5

.4
1119 1121II 71020

11281' 26It 81020

11381130Cours Test

Goo

Y/on X/on1152 4.821200900

12471237970

5.271250 1309970 12
.5

1305 1313 5.813980

Goo' 6
Y/on X/on4. 921330131714990

2000 15 5.213421336 50C

Good
Y/on X/on1346 13571010 16

1020 17

.4

1401 1413

Good
Y/off 1800/2400 X/on1415 1427 4.831030 .6

60Occasxona xc e

Y/off 1400/1900 X/off 2

Good
Y/off 2000/2300 0/on

144114311040 14

4.9145714461050 2-28

Oper ator

Date

II 3

I'I

Search Axis

Wind

5.16

6.19

5.65

5.17

4. 87

5. 29

Mag 42 Single Sensor

Lane Spacing 10 meters

Current South on Surface

Towpoint Offset

Trail  no Slant Rge! 114 5

Bad

Y on X off all

Bad

Y off 4mZ X off all

Bad

Y on X off all

Good
Y/off 3mW X/on
Bad
Y/on X/off all

a oo

050 Good 340 Good

No Data

Good
Y/on X/off/1004.1587

Bad 6 Trying
Y/on X/off Tide Change

Trying to Good
Yatl630 4m off NoX/1497/

Occasxona G zc e
Y/off 1300/2400 K/on



argument was also discounted. Diurnal or Sunspot activity
would effect the magnetometer equally, no matter in which

direction it travels. Erratic movement by the CDD does

adversely effect the magnetic signature response but does not
e f f ec t it for prolonged per iods. it would, therefore, appear

that something else was dif ferent on that day. Admittedly,
the UNH/SSC recording was being conducted that day, but like
the Diurnal and Sunspot activity, that must also be discounted
as North to South runs were unaffected. This leaves only one

possible suspect area. The setting of the frequency on the
NCSL Magnetic Processor and synthesizer that day were set to
give positive polarity for the recording media. Normally the
NCSL equipment should be adjusted to a count of 1000Hz above
the Larmor frequency due to the ambient field.

The present method of judging the 1000 Hz setting is a
rather hit and miss affair. Usually if a signal appears on

the strip chart it is felt that, with minor adjustments, the
instruments will perform. It is likely that this method of
alignment of the instruments is unsatisfactory and results in
a signal close to the edge of the MP-01's dynamic range.
Exceeding the dynamic range will cause output fold over to
occur, resulting in the signal observed on South/North
headings as the sensor becomes increasingly sensitive to its
orientation.

2.3 2.3 Reference Sensor

Trials were not conducted using a reference mag sensor,

therefore, it is not known at this time whether this add ition
to the system would be of specific value.
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2. 3. 2. 4 Tr ial Area

The tr ial area used for the test is suitable but is far

from ideal. Prior to the target f ield f irst being laid, it

would have been preferable to map the natural magnetic
anomalies that already exist there. This was not possible as

the CDD and a method of accurate sensor location did not exist

at the time the targets were laid. Therefore, magnetic

anomalies that are not due to a target's influence will

continue to either mask or confuse the overall picture when

data analysis is undertaken  in many ways this improves the
situation by making it more realistic! . Targets have been
located and identified as accurately as possible but this task

requires continual updating if accurate data analysis is to be
achieved.

2.3.2.5 S eed and Maneuverin

 a! The calculated average speed over the ground for the
18 April trial was from 4.8 to 6.2 kts  it will be
noticed form para 2.3.2.1 that the CDD exerts

considerable drag on the towing vessel reducing its
speed for short periods by as much as 0.5 kts at
maximum wing depression!.

 b! The search vessels speed was controlled by remaining
at constant shaft RPM regardless of the direction of

travel. If current velocity is present, constant

RPM will produce strip chart records of uneven
length thereby making visual track to track data
comparison difficult.
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 c! At the end of track, Williamson turns were executed
at set RPN with the CDD in the dived state. The CDD

was set at 20 feet altitude controlled by the

altimeter.

 d! The average distance from track start to the vessel
being on course with the CDD at the correct altitude

was between 200 and 400 meters. At the deep south

end late recovery was due to the CDD not attaining

depth before reaching track start. At the shallow
North end late recovery was due on three occasions to

the CDD descending to the sea bed or approaching to
within 2 to 7 feet altitude  Figure 2-11! .

 e! CDD oscillations appeared to be cured by temporarily
increasing the set point by 20 feet altitude.

 f! Most CDD and magnetometer recoveries were conducted
with the search vessel at dead stop. Fouling of the

screws occurred on two occasions.

2.3.2.6 Navi ation and Trackin

 a! The search courses actually steered continue only to
be as accurate as the skill of the helmsman. This
factor makes the task of predicting search coverage

achieved difficult. Study of the data in Table 2-5
highlight the problem of the approach to track start.

Xt took an average of 154 meters into the track to
approach to within 2 meters of the intended track.
Possible reasons for this error are:

 i! Incorrect turning procedure
 ii! Influence of the dived CDD

 iii! Insufficient turning space  Shallow water!
 iv! Control of helmsman by the operators
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Table 2-5

Navi ation Error 12 A ri 1 84 Trial

of

Track

7

REV 1731040

l60s 2256089
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A.

B

C.

D.

E.

F.

ce

r

0 4

Average distance to on track within 2m = 214m
Average percentage off track in excess of 2m due to helmsman error 31%
Average percentage off track in excess of 2m due to Nav interference 8%
 A! without track II 154m
 B! without track II 25%
 C! without track II 5%



 v! Helmsman inefficiency

It can be seen that recovery to track distance was greater

at the shallow Northern end of the track.

It can also be judged that although Table 2-5 and the

jagged ships track .trace in Figure 2-12 highlight the areas
where the Navigation equipment appears to be giving bad data,
the problem is very small �%! when compared to other tracking

errors.

2.3.2.7 Sco e and Trail

 a! The following method of trail calculation was
recommended by SSC staff as an interim in the absence

of slant range information. It was used in the April

trial with reasonable success:

! i! Terr!et. The targe t can be a placed magnetic
dipole  dummy mine! or an anomaly that gives an
approximate equivalent dipole reading. It is
convenient if the exact XY coordinates are

known but it is not essential.

 ii! Method. Run past the dipole North to South
with the HP 9825 printing a position every two

seconds, with a corresponding event mark on the

strip chart recorder. On completion of the run,
the anomaly on the strip chart should be
studied and a position line should be drawn on
the positive to negative slope on the Northern
side to coincide with the 1/2 value gamma,

i.e., the gradient line is first projected
through the anomaly and the peak gamma reading
is taken; say 10 gamma. A line is then drawn at

5 gamma through the positive to negative slope
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to indicate the position. This position is
noted by interpolating between the two second

event marks. The whole process is repeated on

a South to North run. The initial track X

position is then subtracted from the reverse

track X position. The resultant is divided by

two for the trail distance. This process

should be checked again with two more runs

 Figure 2 � 13! .

 b! The boat tow conf iguration for the April trials is

depicted in Figure 2. 14. I t can be seen that i f the
deck trail of 10m  A!, the cable scope of 91.44m  B!

and the magnetometer trail of 13. 96 m  C! are added

together, the resultant length is equal to 115. 4
meters. As the calculated trail was 114. 5 meters a

loss of only 0.9 meter for the catenary was recorded,
therefore, it must be assumed that a mistake occurred

somewhere either during the measurement of the cable

or the estimation of the trail. Trail estimation by

contact comparison of the 12 April data is lllm which
approximates the calculated trail as the search was

being conducted in deeper water. However as the
difference is small it will be assumed that slightly

more than 300 feet of cable was paid out and that the

estimation of 114.5m was slightly high.

2.3.3 Data Reduction

2.3.3.1 Time

Although a time consuming and boring task, the accurate
data reduction performed by the NAVEODTECHCEN staff has
greatly aided the UNH/SSC staff to complete this report. The
method of data reduction was covered in Section 2. 2. so will

not be repeated in this section. Based on the time taken to
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Figure 2-13

TRAIL CALCULATION

Track BTrack A.

NorthSouth

15. 15

~ 10- 10

5

1 Southl North

140
Trail 70 meters
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Track A event mark 11 corresponds to x = 1373

Track B event mark 12 corresponds to x = 1233

Difference = 140
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reduce the data for the 12 April trial it is estimated that it

would take about 600 man hour s to reduce the data f rom the

search of a one kilometer square area. However, improvements

to the plotting procedures, greater operator familiarity and

cleaner magnetic sea beds should greatly reduce the data

reduction time.

Using data extrapolated from Tables 2-6 and 2-7 the
following conclusions are reached for a search conducted

within the trial area.

2. 3.3.2

An average target magnetic anomaly will be represented by
+9. 3 amma south followed immediately the a � 1. 2 amma to the

North, The average distance between start of anomaly and

finish of anomaly will be 42 meters.

2.3.3.3 Detection

The average target. will be detected by a sensor at an
average altitude of 19.4 � meters! feet if the sensor
approaches to within Y coordinate distance of 5.7 meters.

2. 3. 3.4

9�

53% of the search it will have a robabilit of detection of
70% if the search vessel remains within 2 meters of track for

75% of the search.

2. 3. 3. 5 Area

The sensor will detect approximately one ma netic anomal

every 19 seconds in a ~ls km area containing

anomal res onses.
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Table 2-6

Ma Trial 12 A ril 84 Tar et Hits

Proxim
Tar

X

Positive
Gamma

ientatio

ty to
et

Y

Target
ength m!

+0 to -0

Target ¹
Hit

Course

Dim
Negative

Gamma
Altitude
Ft  m!

-2619

�. 79!
236.031 1A +12NOR

19

�. 79!

371.0n +298.0s31 2C

+380.5n 20

�.09!

407. 5s31 3BNOR

20

6. 09!

401. 5s3.5n33 4P

39 20

�.09!
1.0n8.5s32 4E

2.0n 3914.5s30 4D

+ 8-211.5s1.5n30 5CNOR

18

�.49!

351.5n6.0s32 5BNOR

1.0n 22

6.7

l. 5s29 6EREV

1 ~ 5s

1.0n
15

�. 57!
20mid28 8CREV

19

�.79!
431.0n4.0s28 9DNOR

-1220

�.09!
1.0n20s27 11BNOR

0. 5s

1 ~ On
+ 220

�.09!

6020mid26 11C
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* Target Position Suspect

Average Target Length 42m
Average Altitude 19.38ft
Average X range  not *! 4.9m
Average Y range  not *! 5.7m

20

 F 09!

20
�.09!

Average Positive Gamma 9.3 south
Average Negative Gamma 1.2 north
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2.3.3.6 n~ensit

Assuming a density of 40 mine-like tar ets er s km

a roximatel 24% of the anomalies identif ied as mine-like

targets were actual mines.

NOTE 1: It should be appreciated that the above information

is based on the work of the operator who reduced the 12 April

trials. Identification of target gamma anomalies is sub-

jective and entirely dependent upon the skill, experience and

patience of the analyzer.

NOTE 2: This data is valid only for the area in which the

test took place. Fur ther tr ials using alternative areas are

required so that the Probability of Detection can be further

evaluated for dif fer ing conditions.
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CHAPTER 3

MAGNETIC S IGNATURE STUDY



3.0 Anal ses and Inter retation

The primary purpose of this quick look study has been to
evaluate how the NSS System could be improved in the near

future. The study teams background knowledge of the system
supported the need for a short set of sea trials of the system
to evaluate current operational problems. This sea trial,
accomplished in April 1984, also tested an interface between
the magnetic processor analog output and a microcomputer
controlled data acquisition system. This was the first step
toward the development of a real-time system to analyze and
interpret magnetic search data. Section 3.1 briefly describes
this ad hoc instrumentation set-up and the problems that
occurred during the sea trials. The lessons learned during
the trials would be incorporated into the configuration
recommended in Chapter 6 as part of an improvement program.

Computer analysis of magnetic search data is most
efficient when the expected characteristics of magnetic
anomalies can be modeled in mathematical terms. The computer

can then compare sensed data to these models and compute the
best f it for magnetic moment and position  location! of the

sensed anomaly'

Section 3.2 derives a mathematical model of the anomaly
contours for a dipole configuration typical of mine like
objects. This model and associated data analysis algorithms
are then tested using data acquired during sea trials in
November 1983  good data! and April 1984  poorer data! . This
simple test shows that the computer analysis of magnetic
anomaly data is feasible and as accurate as any other means.
With automated acquisition of data and direct computer entry,
real time analysis is both feasible and achievable at rea-

sonable cost.
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The Apr il sea tr ial s encounter ed many equ ipment. and
operational problems that reduced the effectiveness of search
operations regardless of the techniques used to analyze the
data. Chapter 5 discusses a series of recommendations aimed
at making the current system function to the limits of its
configuration. The chapter also provides some operational
guidance of use in setting up and controlling routine survey
operations.

Chapter 4 addresses the problem of determining sensor
position relative to the radio positioning system on the tow
platform. This is one of the more persistent problems in MSS
search operations and unless adequately resolved can become a
disabling factor when attempting to interpret search data. A
guide to reducing these errors is also included in this
Chapter.

3.1 Ma netometer Data Ac uisition Test Descri tion

On April l7 and l8 a field test was conducted at the ROD
test site to acquire magnetometer data pertaining to specific
targets. The objective of the project was to interface
digital data collection equipment to the existing system and
record search data on a digital cassette deck.

Since several instruments were being tied together a
master or controlling device was required to integrate the
system. This task was per formed by a Motorola 68000 based
microcomputer which buffered data between instruments and
formatted records for output. A block diagram of the data
collection system is shown in Figure 3-l. The microcomputer
also accepted rough sensor position data from the HP 9825
computer. The HP computer calculates the XY position within
the test area from ranges supplied by the Cubic navigation
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Figure 3-1
Block dia ram of data collection s stem
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systems. The transfer from the HP computer to the 68000 was
via a 1200 baud RS-232 serial link. The position update rate

was about once per second.

The remaining data used in the test was available in
analog form. For this reason, the 68000 microcomputer was
equipped with a 6 channel analog multiplexer and a 12 bit
analog to digital converter. Analog outputs from the CDD
control unit and the Magnetic Processor were digitized and
assembled with the position data to form a record. Within a
record the magnetometer channel was sampled twice while the
altimeter was sampled once. The format for a typical record
is shown below.

The record begins with a Z identifier followed by the
sensor x position in meters; next, a Y marks the y position in
meters. The M identifier is followed by the digitized
magnetometer reading in hexadecimal units while the A preceeds
the digitized altimeter reading. In each record there are two
magnetometer samples. Prior to the test, calibration was done
on the A/D system with the following results:

magnetometer 1 gamma = 14.05
altimeter 1 foot = 81. 14

After each record was assembled in the microcomputer it
was output to a Tektronix 4025 terminal and a Datum Model 4000
digital cassette recorder.

There were some modifications which had to be made to the
existing magnetometer equipment in order to be compatible with
the microcomputer which operated from a +5 volt and ground
power supply. The magnetometer output of the Magnetic
Processor is typically an analog voltage of -10 to +10 volt
output, although this decreased the resolution for the strip
chart it still provided a useable system.
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3. l. L Problems

There were some problems evident in the testing that
should be mentioned. The slant range measurement equipment

was not functioning on the CDD, therefore the trail distance
could not accurately be known. Also the magnetometer acted
very erratically when towed on the northbound tracks.

A problem with the analog digitizing system was present
in the form of substantial noise on the signal. For a

constant DC input, the output varied over 4 bits. This
corresponds to an error of + or -5% full scale or 50 gamma.

3.1.2 Retrievin Data from Ta e

As part of the equipment setup procedure approximately 4
minutes of sample data was recorded on tape and replayed to
verify the integrity of the recorded data. Upon completion of
this process it was concluded that it was indeed possible to
record digital data and retrieve it successfully. Upon
determining this, the team proceeded to the test site and
began data collection; the entire data collection process
lasted 5-6 hours.

Once back at MSEZ, the process of transferring the data
from cassette tape to floppy began. Early indications showed
that t.he data transfer from cassette to terminal were not
reliable. A complete playback of the data on Tape A showed
that only about 5% of the records were uncorrupted. The
actual content typically showed 10-20 good records followed by
up to 30 seconds of completely corrupted characters. The
playback of Tape B  only 5 minutes data! had a much higher
success rate. Almost all the records were extracted correctly
from this tape. The only difference between the two tapes is
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the dr ive on wh ich each was produced: Tape A on Dr ive A and
Tape B. All connections were identical since the digital
recorder automatically switched dr ives.

All data that was recoverable was placed on floppy disks

f or f u r ther process ing. Only the data f rom tape B contained
any significant information.

3.l.3. Conclusion

In summary there are several points which one can draw
f rom the test results. At f irst it was proposed to record
data on the 2 drive cassette recorder and transport the single
drive unit to UNH for data reduction. Exper ience has shown
that mixing data tapes and recorders is very risky at best.
Also, the use of mechanically driven devices in a hostile
operating environment is not completely reliable. Another
setback suffered in the data acquisition was the incomplete or
incorrect specification of the signal characteristics. An
example of this is evidenced by the magnetometer s ignal which
has a -10 to +3.0 volt range.

This test, however, did prove that it is possible to
electronically digitize and record data for this system. The
magnetometer channel should be sampled 2 to 4 times per second
in order to achieve the resolution required for typical signal
speeds.

I t is not necessary to store all magnetometer infor-
mation. The background and unimportant data could be f il tered

out.
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3.2 Develo ment of Ma netic Anomal Anal sis Procedures

A description of the system and its operation was
presented earlier in sections 1 and 2. In order to assess and
improve the current system, it is important to understand the
nature of a magnetic anomaly pattern, the magnetometer output

format, and how these two correlate.

A Cesium Vapor magnetometer measures the total magnetic
f ield intensity. This is a scalar quantity. The output

signal is a frequency   LARMOR! wh ich is propor t iona 1 to the
total f ield intensity. The undisturbed magnetic f ield of the

earth is on the order of 50,000 gammas and the disturbances

which is being measured is typically 3 to 4 orders of mag-
nitude smaller. It therefore can be shown that the total

signal being measured is very nearly in the direction of the
undisturbed Earth's magnetic field. This is a valid as-

sumption except in the very near field of large objects. The
magnetometer output therefore measures the f ield essentially
parallel to the Earth's magnetic field at that location. In
conjunction with this statement, the analyses must then
correlate the Earth's field direction at the particular

location where measurements are made.

3.2.1 Theoretical Anomal Si nature Derivation

Assuming that the object to be detected and located
appears as a dipole, it is useful to derive a simplified model
of its effect on the ambient magnetic field. The objective is
to arrive at a 3 dimensional representation of the signal

which the magnetometer detects.

Once this is done and if the model is somewhat repre-

sentative of the object type to be detected, the analyst can

deduce optimum search track width, search direction and search
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implemented in a computer to locate the target and indicate
its probable magnetic moment.

3.2.1.1 Di ole Si nature/Inter retation

A dipole has a field with magnitude and direction given
by radial and tangential components T~ and T. These can bee

expressed  See Figure 3-lA! by:

2Mcos8  Eq. 3.1!
3

r

-Msin8  Eq. 3.2!T
8

s the magnetic moment of the object, and T is the
of the anomaly. If the dipole is induced by a

magnetic field the total field measured by a mag-

where M i

amplitude

vertical

netometer would be:

 Eq. 3.3!T< cos 8 + T sin8
8

the above equations yields:

M � cos8 � 1!  Eq. 3.4!

r
X X

arcsin arctan
 x + z ! 1/2 z

Combining

T
z

Since the magnetometer ef f ectively measures the f ield in the
direction of the Earth's magnetic field, introduction of the
angle of inclination  B! enables the coraputation of the
component along the Earth' s magnetic f ield. I f the geometry
is analyzed, it follows that the f i led components of Tr and To
along the Earth's field lines are given by:

T = T cos  8 � 90 + B! + T sin 8 � 90 + B!  Eq. 3.5!0 0

m 8

3-8

altitude above the object based on the minimum gamma signal

deemed reliable in the search environment and the range of

magnetic moments of the objects. it may also be possible to
derive an algorithm based on the signature which could be



FIGURE 3-1 A

Field Geometry.
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M 0 0
Tm 3

2 cos8cos 8 � 90 + B! � sin8sin Q � 90 + B!
r

assume for near vertical fields that 8 = 8 � 90 + B, then the

result becomes:

M 2 0
3

� cos j8 � 90 + Bg � 1!
r

 Eq. 3.6!

where: M = Magnetic moment of dipole
2 2 2 1/2

r= Cx +y +zg
x

� arctan
x

8 = arcsin
I � 2 2! 1/2

A 3 dimensional plot of the signal amplitude  T! in the
xy plane at a given depth z would look like Figure 3-2. The
values chosen for this plot are B = 68o, M = 50 x 103  cgs!, x

10 feet above the dipole. In order to understand the
var iation of the signal strength as the sensor altitude above
the dipole is var ied, T   in gammas! is plotted along the x
axis  y = 0! for var ious altitudes  z! in Figure 3 � 3 and 3-4
which reveal several important facts as listed below:

1. Peak signal strength  gamma level! decreases with
altitude  z!.

2. The peak occurs south of the x = 0 location  ap-
proximately x = 0.3z!.

3. For this angle of inclination, a negative peak occurs
just north of the axis crossing.

4. The negative peak is much smaller than the positive
peak

where B is the angle of inclination of the Earth's magnetic
field. Substituting Equations 3.1 and 3.2 into this equation

yields:
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Figure 3. 4

Expanded scale of Figure 3. 3
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5. As the sensor moves out on the +x axis, the signal

takes off from the axis earlier at higher altitudes.

This implies an increasing footprint width in the
north-south axis with increasing altitude.

Figure 3-5 is a plot along the y axis  x = 0! of the same

conditions as above.. It is symmetrical in the +y axis. Also

notice that the footprint in this axis  E-W! decreases with

increasing altitude.

These plots are for an angle of inclination of B = 68o.
As 8 gets larger, the prof i le on the x axis shows less of a
negative excursion and f inally at B = 90o, the prof ile would
be symmetrical with no negative excursions. The next phase of
this project will include extending this work in Signature/-
Anomaly Analysis to include angles of inclination that will
encompass using the system anywhere in the world.

3.2.2 Constant Intensit Plots/Inter retation

In order to determine the optimum depth at which to

search for magnetic anomalies, as well as the search path to
take, lines of constant field intensity have been plotted at
several altitudes. These are displayed in Figures 3-6 through

3-11. These plots are also for a dipole of magnetic movement
N = 50 k  cgs!. It is a simple matter, however, to scale the
constant gamma lines for other values M. For example, if a
plot was desired for a dipole having a magnetic moment M = 70
k, simply multiply each gamma value on the plot by 1.4  i.e ~ ,
70/50!. Inspection of these plots confirms the fact that the
footprint decreases in the E-W  y-axis! direction with
increasing altitude. It also shown that the footprint in the
N-S  x axis increases as altitude is increased initially, but
then begins to decrease with higher sensor altitudes.

3-14



Figure 3.5
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Figure 3. 7
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Figure 3. 8
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Figure 3. 9
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Figure 3.10
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Figure 3.ll
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Perhaps a better way to show this is to superimpose
constant gamma lines at various altitudes on the same plot.

This was done and a sample plot is shown in Figure 3-l2 for a

3 gamma signal. This type of representation is very useful in
determining both optimum depth and track width or search
pattern. This information when combined with system noise and
sensor positioning errors provides an excellent tool for

search path planning.

3.2.3 Locatin the Di ole

There are various well known methods suggested in the

literature  References 2,3,4! in regard to locating a target.

They all have one thing in common. They are time consuming,
manpower intensive and tedious, however, if looking for a few
targets and time is not a factor, they can be used success�

fully.

Since the objective is to locate potentially large
numbers of signatures, analyze them and locate their position
in a reasonable period of time it is necessary to devise a
method of target location which can be implemented in a small

computer.

3.2.3.1 A Com uter Al orithm to Locate the Di ole

Analyzing the signatures and footprints of a dipole and
assuming a N-S search pattern, it becomes obvious that the
peak positive gamma reading will occur at a point south of the
x axis which is predictable.  See Figure 3-13.! Obviously if
the track is not exactly N-S, or the signature is skewed to

one side or the other, this will introduce some error,

however, the errors should not be very large by comparison
with currently used methods. For example if the track was
west of North by 20o, the position error in y would be on the
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Figure 3.12
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Figure 3.l3
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order of a few feet at most. The error discussion is left for

now, it will be re-examined when the results of locating

targets utilyzing the method have been developed.

Remember that the equation which is used to plot the

preceeding signatures and footprints is:

T
M 2 0

3
� cos  e � 90 + g! � 1!

r

 Eq. 3.7!

where e = arctan
X and r =  x + y + z !

2 2 2 l/2

Z

The peak value of gamma will occur when the angle:
e � 90+8=0

Substitution yields:

=90 -8
0

arctan

for our example, 8 = 68 , hence:

arctan x = -22
0

and x = 0. 41 z  Eq. 3. 9!

Substituting this value of x into equation 3.7 and solving for

y yields:

y = + K � l.17z !
2 1/2  Eq. 3.10!

where K �  
2X 2/3

!
T

latively easy discr iminate against the erroneous solution.
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This equation indicates how f ar the sensor was f rom the x
axis when the peak occurred. Obviously if there is only one
detection, the equation yields two possible solutions. If
there are at least 2 detections  hits! however, it is re-



One way to implement this idea when searching for a range of
different size  M value! targets is described in the following

example.

Assume the search is for dipoles in the range of 25 k to
50 k  M in cgs!. The detections in the example occurred as
shown in Figure 3-14. First calculate a value of y for hit 1
for M = 25 and N = 50 k and do the same for hit 2. Inci-
dentally, the value of z for the sensor is known within a
reasonable error. With this information solve for the in-
tersection in y of the two solutions to determine distance to
the dipole's x axis. Once the y value is known, the x values
for hit 1 and hit 2 are averaged in the event the track was
not exactly N-S or that the actual dipole footpr int is skewed.
This x value is then translated to the south by the amount

0. 41z.

This algorithm works even if both hits are detected to
one side of the target. This was proved through inputting of
data f rom the November tests.

target size as well.

Al orithm for Locatin a Tar et

T is target strengthRead input xhit, yhit, z, T

2/3 ML is the smallest
expected mass
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As a correllary to the above, it can be seen that having
solved for the target location, the algor i thm can go back to
equation 3.10 and calculate the value of M for the target
which yielded the solution, hence there is an indication of



Figure 3.14

X Axis

Y2  50K!
Y2�5K!

Yl�0K!
Yl�5K!

North
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NH is the largest

expected mass

/yplusl = yhit + 'Kl, � 1.168z2

yplus2 = y hit +

jyminusl = yhit � 'KL � 1.168z2
v'

yminus2 = yhit

yplus =  yplusl + yplus2!/2

yminus =  yminusl + yminus2!/2
ytar =  xhit � 0.412!

Do above for 2 "hits"

find minimum difference between 2 sets of

yplus �!

yplus �!

yminus �!

ym inus �!

to f ind target location

ytar =  yl + y2! /2

where yl and y2 are closest
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the size is determined after the position is fixed at xtar,

ytar, z



/2
 ytar � hit! + l.168zc 2

Size =

NOTE: This algorithm was written for an angle of inclination
of 68 , however it will apply within + l0 of B = 68o. The
next phase of this project will extend the analysis and
algorithm development to a global system.

3.2.3.2 Im lementation and Testin of the Al orithm

The above algorithm was implemented with the added
feature that if there was no intersection of the solutions
 which implies either a value of target magnetic moment
outside the range initially selected the value of aLtitude  z!
is in error! the algorithm could increment z downward until it

achieved a solution.

Data from a November 1983 search was provided for
analysis. The program is given a value of peak gamma and the
hit location in x, y, and z for at least 2 hits. The program
outputs the target Location in x, y coordinates as well as the
size of the target which yielded the solution. The value of N
in this printout Table 3-2 is the average of both solutions.

The above data results were correlated with the position
of known target locations. A tabulation of the known target
locations computed by this algorithm is shown in Table 3.3.

Several factors regarding the data used in TabLe 3.3 are

of signif icance:

1. There is no f igure available regarding the accuracy
of the actual position of the known targets, there-
fore it will be difficult to assess the absolute
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Table 3. l

Sam le rintout for Tar et Location Al orithm

November Data

 Nore details on this algorithm and its code in
'C' language is presented Appendix A!

Mech Nay 09 1'F11:24 l984 targ5 Page 1

Target Name

22

msize= 52

22

zhit = 50.0 t = 2»O

maize= 28

zhi t
zhit

t = 3i0
17 ~ 0

20» 0
20. 0
42

36

msize=

37

maize= 29
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Ga ta for Targe-. 0 101
xhkt = 2077. 0 yhi t = 1048» 0
er rer f lag: new z = 38 9
xh:it, = 2077 0 yhi t = 1032 0
er <or F lag: new z ~ 24»5
xtar=2073 ~ 1 ytar=1038»8

Data for 'I'ar get 4 102
xhit = 2077.0 yhit = 1048.0
er ror f !ag: new z = 38.9
xhi t = 2083. 0 yhi t > 1024» 0
xtar=2075.2 ytar ~l037 ~ 4

grata for Targe-. 0 103
xhit = 2336 ' 0 yhit = 1024,0
err or flag: new z = 4L ~ 9
xhi t = 2331 ~ 0 yhi t = 1032. 0
er rar flag: new z ~ 41»9
xtar=232B ~ 4 ytar=1028» 0

Data. for Target 0 $04
xhi t = 1644» 0 yhi t = 1058» 0
xhi t = 1641 ~ C yhi t = 1075. 0
xtar =1640. 0 ytar =1070 ~ 8

Data for Tar get 0 105
xhi t = 1307, 0 yhi t = 1068, 0
er rcr r1ag: new z = 17» 8
xhit = 1302 ' 0 yhit = 1072»0
er rcrr f!ag: new z = 19 8
xtar=1305.2 ytar=1069.8

zhit = 40 0 t = 2i5

zhit = 40 ~ 0 t = 10» 0

zhit = 40»0 t = 2»5

zhit ~ 40»0 t ~ 2»0
msi ze= 6<>

zhit = 50 ~ 0 t = 2 0

zhit = 26»0 t = 26 ~ 0

zhi t = 20»0 t = 19»0
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differences between the position locations and the

calculated values of Magnetic Moment. It was

estimated that the actual locations are 'probably'

within +15 meters.

2. The altitude sonar and the ranging sonar were not

operating during the November trials. The depth  z!
input to the algorithm is therefore an estimate. The
trail calculated for this test was a fixed value

estimated by the operators because the sonar ranging

systems was inoperable.

3. The sonar ranging system was also not operating for

the April trials, hence, once again the trail is a
f ixed estimate based on tracking over a known target

in 2 directions  N-S!  S-N! . Dur ing the Apr il

tr ials, the magnetometer readings were very erratic,
as was the CDD depth control.

3.2.3.3 Anal sis and Conclusions Derived from the Algorithm

Generated Data

The calculated target locations for the November data

correlates very well with the actual locations. The errors in
x average less than 3 meters and the error average in y is
less than 4 meters.

Targets can be located even if both hits are to one side
of the target. The average error for the April trials are
typically 9 meters in x and 9 meters in y. Based largely on
the November data  since the April data is suspect! it is
obv ious that the target location algorithm can indeed by used
to locate targets electronically.
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Incidentally, the targets used in these tests varied in

orientation over the entire 360 spectrum which would indicate

that the footprints of the real target must have the general

orientation and shape of the model footprint. Because the

model assumes a very small or near point source, however, it

is expected that the field of the real targets is somewhat
distorted relative to the model since it is utilizing mea-

surements taken within 5 or 10 lengths of its dimensions.

This does not, however, seem to invalidate the algorithm's

ability to locate the target.

In analyzing the algorithm's ability to approximate the
target strength, the estimate appears to be low with the
exception of one par ticular type of target  the 35K target! .
The fact that the estimate is on average about 30% lower than

the actual value indicates that the width of the model's

footprint  E-W! is probably larger than the footprint of a
real target. It should be possible by conducting more tests
to acquire sufficient data which could be used to modify the
algor ithm in such a way that its estimate of size of target
would be much closer to the real value.

The procedures and results of this set of analyses were
reviewed in comparison to the detailed magnetic signature
measurements made by the Naval Coastal Systems laboratory
 NCSL!  Reference 1! over twenty years ago. The nature of the
algorithm developed herein appears to be fully capable of
localizing and measuring the magnetic moment of any of the
potential targets of interest. It should be noted that search
patterns in the E-W direction versus the N-S produce sig-
nif icantly different sensed data. However, algorithms can be
developed that are a function of search track orientation.
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It should be noted that the NCSL concludes that the

measurement of the vertical gradient of the anomaly provides

the best data on magnetic moment of the object regardless of

object orientation or search track angle. This vector
component also works for monopoles as well as dipoles.

lt should also be noted that implementation of this

algorithm requires that two hits be made on the object.
Without at least two, the solution becomes both ambiguous and

much looser in measuring magnetic moment. The two hit criteria
sets the allowable track separation quite close and limits

area search rates.

A single hit system utilizing multiple axis gradiometers
is the subject of the next phase of this program.

3. 2. 3. 4 A Cora uter Al or i thm To Correlate A List of Hits

The current method of correlating hits to specific
targets is described in Section 2.2 Essentially, the data is
plotted on an x, y plotter and the analyst has to attempt to
group the hits visually. This is very time consuming and
prone to error.

Having described the iso-intensity footprints in some
detail, a logical step was to determine whether the parameters
of these plots could be used to mathematically sort and group
the large number of hits which are typically seen dur ing a
search.

A list of hits from the November trial is shown in Table
3-4 below. 1f we check the minimum signal amplitude detected
during this trial namely 1 qamma, and inspect our iso- in-
tensity plots, we can arrive at a y axis footprint for l gamma
of approximately 41 meters for sensor altitude of 25 feet and

3-34



! ja :je

Table 3.3

NOVEMBER 1983
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~bove as it was in the November tr ial. If we look at the x

axis variation where the peak gamma occurs, we find that this

value occurs within 1 or 2 meters even for boat tracks of f N-S

line by 20 degrees. Because we suspect errors in trail
calculation as well as other sources of position error we

chose a correlation value along the x axis of 7 meters.

The procedures for sorting hits is quite straightforward.

First the hits are placed in descending order of x

position.

Next a comparison of the x position is made on each entry
using the value of 7 meters to establish correlation with a

group.

All the hits are grouped according to x location and the

values which do not correlate are discarded.

Within each group the sorting proceeds to determine which
y values fall within the 41 meter range.

Once all the data is sorted, the algorithm outputs a

table  see Table 3-5! in which hits are grouped to a target.
The algor ithm also outputs the values of x, y location and
peak gamma for each hit.

The output in Table 3 � 5 is the actual output from an
algorithm implemented in 'C' language and the input was the
data from the November trials.

Analysis of the groupings revealed that the algorithm
grouped the data perfectly. The only errors which occurred
were due to errors in manually inputting the table to the

computer.
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More details on this algorithm and its code in 'C'

language is presented Appendix B.

Note: The values of x and y listed in Table 3-4 were

found to be incorrect due to an error in the trail estimate

from the November test. A correction for this erroneous trail

estimate by 12 meter s was included in the beginning of our

sor t i ng algor i thm.

As a f inal note, it is obv ious that the output of this

algorithm can be input into the algor ithm to locate targets

described earlier. This combination would provide a means of

sorting hits, grouping hits and finally providing locations of
targets for each group of hits. This would provide for great
savings in time of data analysis and is as accurate as the

best of operators.

3.2.4 Time Variations in the Earth's Ma netic Field

In addition to the spatial variations of the Earth' s

magnetic field there are also time variations. They are due
to the effects of the solar wind and are divided into three

types: daily  diurnal! variations, micropulsations, and
magnetic storms.

Diurnal variations are seen largely during daylight hours

and can vary by as much as 100 gammas over a period of a few

hours.

Micropulsations are much shorter period variations and
are quite random. They can range from 0.01 seconds up to

several tens of minutes in length, and can have gamma ampli-

tudes from several tens of gammas to thousands.
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Magnetic storms can occur several times per month, have

periods of one to several days, and can have gamma variation s

of several hundred.

These var iations are superimposed upon, and distort the

Earth's magnetic f ield. They are mentioned here simply to

indicate that any magnetometer system will have to discri-

minate against them in order to successf ully detect target

anomalies. Time correlated reference magnetometers and or

various techniques of data processing can be used for this

purpose.

The typical total anomaly signature at speeds of 5 knots
would occur in a time per iod of 1 to 3 seconds with the

fastest portion of the signature  fastest slope! occurring in
approximately 0.2 to 0.6 seconds depending on the track over

the target.
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CHAPTER 4

SENSOR POSITION MEASUREMENT



4.0 Introduction

One of the most critical aspects of detecting anomalies

is knowing the exact location of the sensor at all times
during a survey. The error in position of the sensor ob-
viously causes a corresponding error in determining the target
location. There are several sources of this sensor position
error. They will be discussed here with the ob>ective of
providing a tabulation of errors due to these sources.

Chapter 5 will present suggested methods to reduce or

el iminate these er ror s.

4.1 Sources of Error � Ma netometer Location

The following sources of error are present in the current
magnetometer system and are analyzed to determine their
magnitude and effects on the system.

1. Crab Error � Wind and Sea Effects on Boat Angle:
In order for the boat to maintain a straight course
in a cross wind and or cross current, the boat must

take a heading that is not aligned with the desired
track. The crab angle results in the magnetometer

being off track compared to its calculated position.

2. Cross Current Effects on Cable and Instruments:

Cross currents cause an error displacement of the
magnetometer in the y direction  assuming a course in
the x direction!.

3. Error Due to Trail Calculation:
When the slant range measurement system is non-
operational, a horizontal trail calculation is
experimentally determined and assumed constant over



the entire search area. Since the CDD is tracking a

f ixed altitude above the ocean floor the hor izontal

trail does vary as water depth changes This causes

an error in the along track  x axis! location of the

magnetometer.

4. Slant Ran e Sonar Beam An le:

When the sonar system is working, it has a 15o

conical beam. This beam angle is fixed but the CDD

is moving verticalLy and can also be offset in the

horizontal plane by a significant amount. An

analytical correlation between cable scope, sonar

aiming angle and desired sensor depth can be used to

keep the CDD within the beam  Table 5-4!.

5. Pilotin Error:

This is due to inability to maintain the desired boat

track Trial data is investigated to determine the

size of this error.

6. Navi ation Error:

This is the result of accuracy limits of the land

based radio navigation system used to determine boat

position.

4.1.1 Crab Error � Wind and Current Effects on Boat/Ma

netometer

In order to stay on a straight course while in a wind or
current the boat may need to crab. Consider the boat crabbing
at an angle 6 to the desired track  See Figure 4-1!.

The error in the x and y direction, Ex and Ey, will

depend on the distance between the navigation antenna and the
tow point lb and the crabbing angle 8. This error is cal�
culated as follows:
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FIGURE, 4-1 Boat Crab Error Geometry



Ey lb sin 8  Eq. 4. 1!

E�= lb � � cos8!  Eq. 4. 2!

if we assume an antenna to tow point separation of 30

feet and a crabbing angle of 15o, the resulting errors are:

Ey = 7.77 ft.  off track error!

Ex = 1.02 ft.  on track error!

The relationship between crab angle and the resulting

error is shown in the graph in Figure 4-1. The numbers

correspond to a 30 foot separation distance. For a larger boat

the errors would be greater.

4.1.2 Cross Current Effects on Cable and Instruments

A cross current will result in a y displacement of the
tow cables and instruments. The drag force on a 300 foot

cable contributes the better part of the total displacement.

Any drag force is given by the equation:

FD = 1/2 CD pAV  Eq. 4. 3!

Let Ry and R�be the drag force per unit length of the cable
when the cable is normal to the stream. For example: a 1/2

inch cable with a normal stream velocity of 4. 5k will produce

a drag force of:

FD = 2. 84 lb

F =1/2 C pAV =1/2�.2!�.9885!
2= �/2 in!�2in! I�.5k!�.68ft/s/k7! 2

144 in /ft



The total y displacement can be obtained using the

equ i 1 i br ium equation summation of Fy � 0. The lateral force,
 the drag force on the total length of the cables in the

water! is countered by the drag force on the amount of cable

protruding normal to the stream  See Figure 4-2!.

so:  Ry!Lc =  Rx!y where LC is the cable length:

u = ~R Lc = l/2 C PAVc Lc2

D

1/'2 C PAV 2
D B

LcThis yields: Error due to cable

 Eq. 4.4!

To find the displacement due to the CDD and the tow fish,
we again use the equilibrium equation summation Fy = 0;  See
F igure 4-2! .

 Eq. 4. 5!Fax = Rxy

F

or y
Dx

Rx

velocity. Thus, the total y displacement due to a cross

current is given by:

 F ! +  F !
Dx CDD Dx Tow Fish  Eq. 4.6!

 L + L ! +
Cl C2

Substituting Eq. 4. 3 into Eq. 4. 6 yields the following:

where Fdx is the drag force on the instrument due to the cross
current. This is of course dependent on the cross current



at

current

FIGURE 4-2 Cross Current Error Geometry  y!

FIGURE 4-3 Nore Geometry  x! Error
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 F ! CDD +  F ! Tow Fish
Dx Dx

1/2C PA V
D T 8

 F !CDD +  F ! Tow Fish
DX

V  A + A
C CDD TF

Rx A< V
2

B

since all the coef f.icients of drag and densities

The off axis  y! error due to cross current effects

are equal.

on the CDD

and the tow fish are shown in Eq. 4.7 where the y displacement

error becomes:

 AV CDD + A . !
Tow Fish

2
V

 Eq. 4. 7!

Total error due to cable, CDD and towf ish

normal velocity

Rx = drag force per unit length of the cable when the
cable is normal to the stream. Stream velocity is

boat speed

Ag = area per unit length of cable perpendicular to
flow

NOTE: The total area of the instruments normal to a cross

current stream is:

Ax CDD = 4. 282 f t2
Ax towfish = 3.25 ft2

4-7

wher e VC = veloc ity of cross current
VB = velocity of boat
LCl = length of cable connecting CDD to boat

length of cable connecting towfish to CDD
 FDx!CDD or towfish = instrument's drag force due to

cross current AT cross current's



If the cross current creates a y displacement, a dis-

placement in the x direction will also result. Note the
triangle in Figure 4 � 3. Using xe to represent the error in
the x direction, the on axis  x! error due to cross current is

g iven by:

 r2 y2! 1/2  Eq. 4. 8!

where r = Lcj +

EXAMPLE CALCULATION

In order to understand the magnitude of these errors we

offer the following example. The assumptions made are as

follows:

vB = 4.5k

vc = 0

Icl = 300 ft.

LC2 = 300 ft.

1/2" cable

Therefore:

y = 9.2 ft. Error in y axis under sample conditions

xe = r � r2 � y2 where 4 = 330 ft.
xe = 330 2

4-8

j~V'
' I,!

�. 6K
y = 4.5K

V A+A
 L + I ! C CDD TF

cl c2 v A1
B

�30 ft ! + �.6K �.3 ft + 3.25 ft !2 2 2

�.5K! �/2 in!�2 in!

144 in



L = 355M Vb = 4.5 knots
c

20

L = 225M Vb = 4.5 knots

L = 355M Vb = 6 knots

10-

9-'

L = 100!I Vb = 6 knots

3

2

1.0.6 .8.2 .4

FIGURE 4-4 Sensor Error in y Axis Versus Cross Current
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14 '

13!

12

L = cable length
c

vb = boat speed

Cross Current Speed in Knots

/
/

/
/

L = 225M Vb = 6. 0 knots

, L = 100M Vb = 4.5 knots
/



xe = 0. 125 f t. = l. 5 in.  negl igible! error in x axis under

sample conditions. In the graph in Figure 4-4 for var ious cross

cur rents and boat speeds i the results of the Y displacement are

summarized.

4.1.3 Error Due to Absence of Slant Range Sonar ="stem

When the slant range sonar is inoperable a trial run is

made over a known target to estimate a total trail  distance

from antenna to sensor!. This trail is assumed constant when

the slant range is not working. Because the horizontal  x!

distance between the boat and CDD is a function of the angle 8

hence depth of CDD  See Figure 4-5! an error is created by the

assumption of a constant trail.

The following calculations are made to estimate the

potential size of errors which accure due to the current

method of assuming a constant trail at varying CDD depths.

A basic assumption made in the calculations is that the

cable length is equal to the hypotenuse rs. This is not
precisely accurate, however, the magnitude of error cal-
culations are representative.

For a trial run over a known target, rs  slant range! can

be determined by the relation  see Figure 4-6!.

rs =  d + x ! ~ : substituting X = T-Xl-X2 yields

r s  d2 + T xl x2! 2! 1/2  Eq 4 9!

where d is the water depth to the CDD, xl is the distance from

antenna to winch, x2 is the distance from CDD to magnetometer
and T is the trail that is calculated.

The trail can be approximated by the relation
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FIGURE 4-5 Trail Error Calculation Geometry

d=72 ft.

range

FIGURE 4-7 Geometry for Sample
Calculation
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0= sin =13372 o
313.13

FIGURE 4-6 Geometry for Sample Calculation

depth



T = xl + x2 + X; substituting for X yields

T = xl + x2 + rscos8  Eq. 4. 10!

where 8 = sin d/rs

The error in trail would be the change in X as the CDD

changed depth through an angle d8. To find the error El, we
subtract the estimated distance X from the actual distance X

as follows:

x2! est To � xl

where To is the initial trail calculation.

The trail error as a function of depth is:

E =  rsocos sin d/rso � Xo!  Eq. 4.11!

EXAMPLE CALCULATION

For the tr ial runs of 16 Apr il 1984 the trail was estimated as

375.65 ft. The distances were as follows:

r o = �0! 2 ~ �75 65 3Q 3Q! 2 1/2
321.3 ft.

Xo T xl � x2 = 375. 65 � 30 � 30
315.65 ft.

We now use these Rso and Xo values to f ind the error
associated with a target at a different depth.

4-12

do 60 f

xl = 30 ft.

x2 = 30 ft.
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First take as a depth  dj the average depth in a sample

target f ield. d = 72 ft., a 12 ft. difference from the test
target depth. We now calculate the error due to this depth

change:

E =  rdsocos sin d/rso � Xo!

�21. 3!  cos sin 172/321. 3 ! � 315. 65 f t.

Kx = 2. 52 ft.

If we now consider the worst case of the deepest target

located in this sample field, d = 120 ft., a 60 ft. difference

from the test targets. The error in trail calculation

becomes:

E = �21. 3!  cos Isis 1120/321. 3] ! � 315. 65 ft.

Ex = 17.6 ft. This is a very significant error.

If we perform a similar calculation with a cable length
of 1100 feet with the trail estimate made at the shallowest

usable depth of 127 feet for that length of cable  See Table
5-4j, we arrive at an estimated trail error of 63 feet when
the CDD is operated at maximum depth of 390 feet.

4.1.4 Slant Ran e Sonar De ression An le

4-13

It is clear then, that very

position of the sensor are built
currently used. Methods of error

are discussed in detail in Chapter

significant errors in the x

into the system as it is

correction are possible and

5, Section 3.9.



Presently the system includes a f ixed sonar to determine

the slant range to the CDD from the boat. This distance is

needed to determine the horizontal distance in the x direction

between the boat and CDD. Because the device is fixed at a

certain angle on the bottom of the boat and has a limited

f ield of vision,  i e., A 15o cone! it is quite possible that

the CDD could move outside it' s f ield of vision  See Figure

4-7! .

8 should be adjusted such that

HA sin-1  d/rs!

where rs is the slant range. The sonar will only be effective
if 8 is within +7.5o of QA since the sonar forms a 15o conical
field of view. to determine the likelihood of being outside

of the beam, we look at a depression angle and calculate the

range of depths this angle will satisfy. If this range is too
narrow in relation to the usual range of depths encountered in

a search area, then either the tactics of operation will have

to take this into account, or alternative means of determining

trail will have to be implemented.

EXAMPLE CALCULATION

Using the values of the tr ial runs of 16 Apr il 1984 we
will set the following as our slant range and depth:

d = 72 ft.  average target depth!

cs � � �21. 3 ft!  cos  sin 72/321. 3] !
rs = 313.13 ft.  slant range!

The geometry is shown in Figure 4-6, and the depression

angle is:

8 = sin 172/313 13 l3o

If we let e range +7.5  from 5.8 to 20.8 ! then:
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dl = rssin8

�13.13sin�.8o!

dl = 31.66 ft.

d2 = rssin8

�13.13sin�0.8o!

111. 25 f t.

So the range of operation for this conf iguration would
have been for depths of 32 to ill feet.

To calculate the corresponding ocean floor depth to be
covered by these limits the CDD's altitude must be known,
i. e., i f the CDD f l ies 20 feet above the ocean floor and the
cable is 200 feet long, the ocean depth for which the sonar

will be effective is 67.03 ft. to 115. 74 ft.

It is important to note, however, that this analysis
assumes �! that the sonar depression angle can be adjusted
prior to a search and �! that the boat is running smoothly
across the water and not adding to the angle error.

Note also that if a displacement in the y direction
forces the cable to exceed the angle of 7.5 from the x axis,
then the CDD will again be "invisible" to the sonar.

With slant range of 300 feet, if a cross current forces
the CDD to shif t 39 feet, a condition of no working slant
range will result. However, it does not appear that this is
likely based on our calculations in Section 4.4.
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A problem could result however, if the crabbing angle of
the boat exceed 7. 5o f rom the x axis. This is a more likely

possibility and has to be considered. Table 5-4 shows
transducer angle as a function of scope and operating depth.

4.1.5

Due to wind, waves and other effects, pilots cannot
maintain a straight course. When the boat is off course, the
magnetometer is imparted with an off track error. Due to the
tow cable length, the magnetometer will not take the exact
course of the boat but will tend to "smooth" the piloting
errors. Figure 4-8 depicts this effect. The solid line
represents the path taken by the boat and the dashed line
represents the trailing magnetometer's path. The magnetometer
trails quite a distance  say 370 ft. for this example! behind
the boat. At any time say t1 point 1 can represent the
locations of the boat and magnetometer. The assumption that
the magnetometer follows directly behind the boat will produce
the error ye shown below. Examination of the courses taken in
trials has shown that there is an average piloting error
approximately equal to 2m = 6.56 ft. in the y direction  see
Figure 4-9!, while maximum pilot error from the charts
inspected is on the order of 12 m or 39.36 ft. Figure 4-1o!.

The interpolation method presently used to calculate the
boat's position at the time of a target hit effectively acts
as a position averaging mechanism. That is, at the time of a
hit, the position recorded at some time past and the position
of the boat at a position further down the course are ef-
fectively connected by a straight line. This approximation

the
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tends to diminish the piloting error. To demonstrate
with the most obvious case, note Figure 4-9. The pilot's
position is at Point l. Points a and b are the positions
for interpolation; a straight line is drawn connecting
and the boat is assumed to lie on this line. Now note

this

true

used

them



boat track

mag. track
PJ

Ye

FIGURE 4-8 Typical Boat and Sensor Tracks

Calculated Ye
Actual Ye

FIGURE 4-9 Piloting Error Calculation Sketch



Figure 4-lO

Piloting errorsApril trial C! r
1

CCKt
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error due to the assumption that the magnetometer follows

straight behind the boat. The piloting error has been

reduced.

If we assume a velocity of 5 knots, a trail of 1200

meters, and position extrapolation as currently performed

60 seconds, we find that the positions are extrapolated

approximately 170 meters in the on track  x! d irection.

over

over

For

an average excursion of peak ye = 2 meters, and delta x
meters, we f ind that the error introduced in the y axi

48

s ls

negligible.

4.2 Summar and Conclusions of Ma netometer Position Errors

There are many variables to be considered in attempting
to arrive at an error figure for the position calculation for
the magnetometer. These are primarily due to the real ocean
environment in which the tests are conducted, i.e., wind speed
and direction, cross current speeds, trail estimates, etc.

The following table attempts to show the range of errors which
are achievable with the current system  See Table 4-1!.

We can break down the errors into two groups, namely

errors in x axis  along track! and y errors  90o to track!.

The y axis errors are attr ibutable to two pr inciple
sources. namely, boat crab angle and cross � cur rent ef fects.
Both are largely dependent on sea conditions, and errors can

be extremely large.
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The x axis errors are primarily due to two sources.

Namely, the trail calculation with no slant range sonar and
the land navigation system. Of the two, the trail calculation
is the most significant and can be as much as 20 meters. In
fact, the November 83 trial data was in error by 12 meters.



TABLE 4-1

Magnetometer Position Errors of Current System

RESULTANT ERRORSVARIABI E
RANGE

VARIABLE sERROR TYPE

Angle between
track and boat

Boat crab angle x meters meters

neg 1 i gibl e .7
1.4

2.3
3.0

Vc x meters y meters y meters y meters
c 100M Lc 225M Lc

negligible

Cable Mag.
I ength Depth
Ft. Range

Ft.

Depth of
Magnetometer
and Scope
of Cable

Trail

Calculation
No Slant Range
Sonar

X errors
0-5.5M

0-13M
0-20M

y meters
negl i gibl e

300 33-105
700 80-245

1100 127-390

Negligible within accuracy of sonar

See Tabl e 5-4Depression
Angle of Slant
Range Sonar

Negligible when extrapolating position
over 60 seconds

Piloting
Error

30o 150o
60o-120
90o

+ 7.7M
+ 4.0M

+ 2.8M

Land Navigation
System

2 Range
Geometry �M!
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Cross current

effects
See plots in
Figure 4 4

rail
Calculation
Mith Slant
Range Sonar

Cross current
speed V

Cable length Lc
Boat speed V>
VB = 4.5 knots
for this table.

50
1oo
150
20'

.2K

.4K

.6K

.8K

1.0K

.3
1.0

2.7
5.0
8.0

.6
2.3

5.2
9.2

14. 5

.8
3.3
7.4

13. 2
21. 0



The effects of piloting error and depression angle are

within reason if proper procedures are adhered to,

The cumulative effect of this multiplicity of errors is

such that locating targets within a reasonable error  i ~ e. 5

10 meters! is often not possible.

We will present procedures, calculations and equipment
recommendations to reduce these errors in Chapter 5.

In conclusion, the two most serious sources of error

which prevent this system from having a 10 meter accuracy are

�! the trail calculation error when slant range is not
working, and �! the effects of cross currents on the sensor

position.

Although it would make sense to eliminate all sources of
error, eliminating these two would make the most dramatic

improvement in system accuracy.

4.2.1 Recommendations for Eliminatin Na netometer Position

Error

We will briefly describe a means of correcting each of
the types of errors discussed in this Chapter. Some of the
corrective measures overlap different categories.

Following these recommendations we will present a

solution which would correct all of the error sources simul-

taneously.

4.2.2 Crab An le Error Correction

The error due to boat angle can be accounted for or

eliminated by the following method. This method requires that
the boat be furnished with a compass which can be electroni-
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cally interfaced to a computer. These are commercially
available; many have digital outputs �0-100/ second! and

accuracies of +lo.

The first method utilized the computer to constantly

 once per second! monitor the boat track  x,y position!. This
information is presently available in the HP 9825 computer.
This track would be correlated with known positions of the

navigation system to arrive at a magnetic track heading. The
compass heading is compared to the track heading and the crab
angle is determined. From this angle and the simple cal-
culations presented in Section 4.1.1, a correction factor can
be added to the magnetometer location  i.e., y axis cor-

rection!.

4.2.3 Cross Current Error Correction

In order to correct for cross currents one must either be

able to measure the currents or measure their effects on the

sensor position in real time. Measuring the currents in real
time is extremely difficult for this type of system, if not
impossible. A more realistic mechanism would be to measure
its effects on the sensor position.

This could be achieved using a short baseline acoustic
navigation system, which could provide both range and bearing
information from the CDD to the boat. Since the CDD depth is
known, both the off track  y axis! and on track  x axis!
errors can be calculated.

Because of the problems currently associated with a 15o
conical beam system, it would be preferable to use a system
with a wider beam angle.

4.2.4 Trail Error Correction  When Slant Range Sonar is

Inoperable!
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Since the trail error is due to assuming a constant

estimate of trail over various depths of CDD a procedure can

be used to account for the variation in trail with depth

emperically.

A known target is placed at three depths: minimum,
maximum, and mid-depth in the area to be searched. Using the

proper cable length for this depth variation, a value of trail
can be determined for each of the three depths. The computer

can be programmed to extrapolate a value of trail thereafter
for any depth in the test area. This method is discussed in

more detail in 5.3.9 of this report.

4.2.5 Ran in Sonar De ression An le Correction

If the existing sonar ranging system is used, it is

simple matter to establish the minimum and maximum depths over
which the search is to take place. Once this is known,

calculate the length of cable required to maintain the CDD

withi~ the 15 conical beam pattern  see Table 5-4!. Note

that if the boat has to maintain a crab angle greater than

7.5o to stay on track, that the CDD will be out of the beam

cross section.

4.2.6 The Total Solution to Positionin Error

After considering all of the sources of error in this
system, it becomes clear that most errors can be corrected.

A system which would not only correct for these errors,
but would also be amenable to electronically automating the
system at a later date would include a range/bearing acoustic
sonar system and a solid state boat compass.
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I f this system was implemented with the addition of some

computer algorithms to correct the data for position errors,

the NSS would be capable of locating targets to within 5 to 10

meters. Most of this remaining error is due to the land

navigation system

The addition of. this system would also save time in that

trail data would be available in real time without having to

make calibration passes over known targets.

This system would correct for boat crab angle, cross

current effects. trail errors, and piloting errors. If the

system had a beam larger than the l5o conical beam of the
existing system, this would alleviate the problem of main-

taining the CDD within that narrow angle.
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Table 4-2 is an array to describe the ma;or components

TABLE 4-2

Nethod of Correction

Equipment
Needed

Procedure

Needed
Error Source

solid state

compass
l, Boat crab angle no yes

range/bearing
sonar

2. Cross current
effects

yesno

yesyes

4, Trail calculation
w/slant range sonar

yesno no

5, Depression angle of
slant range sonar

yesno

6 Piloting error nono

7, Land navigation
system

other syste~ no yes
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required to correct specific errors.

3, Trail calculation
w/no slant range
sonar

8. All above except 57 solid state
compass &
range/bearing
sonar

Computer
Algorithm
Needed

no i

could add
'to make
eas'e- 'or

operator



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS
FOR IMMEDIATE SYSTEM IMPROVEMENT



5.0 Introduction

It is stressed that this Chapter's content is based on a

limited data base. The improvements and equipment alterations

are recommended with the possibility that further testing may

indicate a need for additional changes. This section addresses

improvements to the current MSS that are achievable without

making major changes in its present configuration.

5.1 Conclusions

The primary conclusion is that the MSS is a reasonably
well conceived and, considering the time frame and resources

expended, well designed system. It has a series of operational
problems that taken together hinder the efficient use of the
system. Many of these are minor and concern discrete com-
ponents that simply require repair or proper installation to
f ix. Others, such as the problem of maintaining an accurate

sensor position are more serious, and may require the ac-
quisition of the new equipment recommended in Chapter 6.

The most serious problem, inherent with the MSS ' s data

handling configuration, is the amount of manpower and time it
takes to reduce the data after the completion of the sensor

runs. This is not serious during training or peace time
search operations. It could be intolerable in a crisis.
within the context of the above comments, the specific

conclusions are:

A. The single magnetometer search system is a viable approach
to locating and measuring the approximate magnetic moment
of buried or otherwise obscured ferrous objects.



B. The MSS system requires at least two transits through the
anomaly pattern of an object  hits! in order to locate the

object and approximate its size.

C, The majority of the operational problems with the MSS
involve lost data and/or inaccurate positional infor-

mation. These trace to a series of individual equipment

and procedural problems that must be remedied even if no
further technical improvements are made to the system.

D. With all of its limitations an upgraded MSS offers the
best near-term system available. It may be the preferred
system for small craft and shallow water search even when
more advanced systems are available.

E. The MSS is and will remain the least costly means of
detecting and localizing the buried mine for at least the
next 5 to 7 years.

When the identified problem areas are f ixed, the MSS will
be capable of search rates that will be close to the intrinsic
limitations of a single magnetometer system. The data
reduction, analysis and interpretation process will still be
post exercise and essentially manual.

5.2 E ui ment Recommendations

5. 2. l CDD

 a! That 52 CDD should be made fully operational by:

  i! Requesting that Mesotech re-conf igure the
807 altimeter for internal mount within the

CDD vehicle
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 ii! Repairing the slant range vehicle electronic

circuit card and sealing the housing to

prevent further corrosion

 iii! Repairing the wing leak

 iv! Investigate and resolve the possible signal

cross talk between Data Channels

 v! Initiating trials in water depths to 300 feet

to determine proper cable scope for various

depths  Covered in Section 5.3.15!

On completion of  i!,  ii! and  iii! the CDD should be
pressure tested to a depth of 450 feet to test for leaks.

On completion of  iv!, the remainder of the system, i.e.,

the cable and the CDD control box should also be investigated

for signal cross talk occurrences and remedied by filtering,
shielding or establishment of a single point ground system for

all signal circuits.

 b! That gl CDD should be refurbished and that the
modifications proven in trials to be successful on

42 CDD should be retrofitted to gl CDD. On com-

pletion, trials should be conducted to assure its
operational capability.

5.2.2 CDD Control Box

Consideration should be given to:

 a! Assembling a t2 "back-up" control box, or have

duplicate spare boards made.
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 b! Modifying the electronic circuit that controls the
altimeter set point to give true reading altitude

settings.

 c! Conducting a trial to ascertain the characterisics
of the loop gain control. Tracks should be made over
the same ground with different loop gain settings.
On completion, an analysis should be made to

ascertain the correct loop gain settings for

various operational situations, e.g., in rough
terrain where water depths vary in excess of 6

meters per 300 meters of track, the loop gain
control should be set between 820 and 840. Over

smooth level ground the loop gain should be set at

920 and not adjusted. When oscillations occur the

loop gain should be reset to 850, etc.

 d! A warning lamp should be fitted to the front panel
of the CDD control box to make operators aware of

A warning legend shouldthe operating mode.

accompany it, informing the operators of the
difference between "reset/normal mode" and "fast

mode".

5.2.3 Ma netometer Sensors and Housin

Consideration should be given to making 41 magnetometer

sensor operational.

 a! Resolution of the signal cross talk problem outlined
in 2.3.2,2.

magnetometer sensor active and dead zones  both

 b! Tests should be frequently under taken at the
NAVEODTECHCEN to ascertain the true extent of the



polar and equatorial!. This information will insure

that the sensor is working correctly within its set

specification.

That pr ior to the commencement of each search the

NCSL's Magnetic Processor MP-01 and Frequency

Translator FT-01 should be tested by following the

instructions laid down for calibration in Report

 c!

Number NCSI. 247-75.

 d! That towing stability tests are made to measure the

dynamic orientation of the sensor tow body. Tests

should be conducted on both mag tow bodies  with

sensors fitted! and ballast adjustments, if ne-

cessary, be made to ensure level flight under all

tow conditions.

5. 2.4

As outlined in this report  Table 2-5!, there are two

areas in which navigational Interference occurred within the

tr ial area. The error caused by this interference can result

in the search vessel wandering of f track by as much as 10

meters and is responsible for about 5% of the total off track
time. It is possible that reflected signals are being
received. The geometry of the search area to R1 and R2 is
good so it would appear that some other problem exists. I f
the NAVEODTECHCEN is interested in resolutions of this problem

they could request that a CUBIC engineer investigate the

problem.

NOTE: This is a good example of the need for more than two

shore stations in the navigation net.



5.2 5 H.P. Desk To Com uter 9825

The CDD boat programs should be revised to include the

changes recommended within this report, i.e.:

Operating with depth information.

Operating with depth and slant range information

Calculations to determine magnetic anomaly position

Calculations to determine target position

Drawing track l ines on the plot pr ior to the

a.

b.

C.

d.

c

commencement of a search

Prior to any away deployment of the MSS, it is recom-
mended that these programs should be debugged in the local

area of the NAVEODTECHCEN.

5.2.6 NAVSCHOLEOD Search Vessel

Qn commencement of the next NSS trial either with the

NAVSCHOLEOD search vessel or any other vessel it is advisable

to calibrate engine revolutions for speed through the water.
The tr ial should be conducted towing the CDD. Runs at a set

RPM should be made in two directions, preferably with, then
against the tide. The mean speed is calculated as the mid
point between both runs. On completion RPN/Speed charts
should be furnished to the search operator and helmsman.

5.3 Search-0 erational Considerations

5.3.l 0 timum Search Altitude

A detailed analysis of the theoretical anomaly pattern of
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a dipole target  Chapter 3! was accomplished. Target
strengths of 35K, 50K and 70K cgs were selected and footprints
were produced for altitudes of l0, l5, 20, 25, 30 and 40 feet



 Figure 5-1! . One object of the study was to select the
optimum altitude at which to fly a magnetometer sensor to have
the greatest probability of detecting a target. The foot-
print patterns were for gamma iso-intensity lines which
approximated 1, 3 and 10 gammas and an earths field incli-
nation of 68o North. Maximum target width in a West/East

direction, maximum gamma track length in a North/South

direction and area of the enclosed gamma intensity were

measured. Table 5-1 contains an example of this information

for a 50K cgs di-pole. It can be seen from the data that

positive gamma influence width changes very 1 i ttle over the
10 to 20 feet altitude range, and that negative gamma in-

fluence rapidly falls off as altitude is increased. The
actual area of influence is greatest at 20-feet with 793

square meters for the area enclosed by the 1 gamma iso-
intensity line. If maximum signal strength is the major
criterion for determining the height of the sensor, then an

altitude of 10 feet would have to be selected. To take

advantage, however, of the entire footprint width, length and
area, a height of approximately 15 feet would be selected as
the optimum altitude of the sensor.

'It must be born in mind that the above figures refer to

perfect di-poles that have a single magnetic moment. Actual
targets will have two longitudinally displaced magnetic
moments and the area of influence will be skewed left or right

of the North/South line depending upon their orientation.
This has the advantage of increasing the total width of
influence of the target. Field tests also prove that the
anomaly width is in fact greater at 15 and 20 feet than at 10

feet.

Data obtained f rom the tr ials of 12 and 18 Apr il 1984
were also studied to assess optimum altitude.
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Figure 5-1

50K cgs Target Depicting 10 to 40 ft Altitude

Changes for the 1 Gamma Intensity Lines
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Figure 5-]

50K cgs Target Depicting 10 to 40 ft AltitudeChanges for the 1 Gamma Intensity Lines 0
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E t was concluded �. 3. 2. 2c! that when the sensor ap-

proached to within 10 feet or less altitude, the background
noise due to proximity of the sea bed surface and small

magnetic anomalies distorts the clean gradient. The resultant

signal masks target anomalies.

Data has shown.�.3.2.1! that although the CDD has ex-

cellent flying characteristics it cannot be expected to fly at

an exact height above the sea bed. Very seldom does it climb

above the set point altitude, its normal tendency is to fly 2

to 4 feet below the set point with occasional excursions to 6

feet.

Therefore, this report concludes that the ~o timum

altitude to fly the sensor is the range of depths from 15 to

20 feet.

Study of the altitude strip chart data concludes that to

f eet.

5. 3. 2 0 timum Track Widths

IaI Tarcaet. Determination oi optimum track widths is
dependent upon the maximum range at which it can be
expected that the sensor will f ind a target. E t
will be assumed that at least a 3 gamma signal is

required for the operator to distinguish the target
from the background noise. From the theoretical
study of the di-pole for an average target  Table
5-1!, it can be seen that the sensor at 20' altitude

should be capable of locating a target at 27.2

meters. Since actual target measurement data

concludes that this range is a conservative es-

timate, it can be assumed that average to small

targets will be seen at 27.2 meters.
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error factors and how they can be calculated. It is

known that the method of interpolating sensor

position actually reduced the helmsman error to 2
meters. However, let us assume that this error is

still present and that a 10o crab angle and a 0.4
knot cross current increase the error by another 2

meters. The method to determine the average error

is to take its root mean square:

2 + 22 = 8 = 2.828 rounded to 3 meters

can be produced to indicate the coverage of lane
widths, assuming a navigation error of 3 meters, a

target width of 27.2 meters and an altitude of 20
feet. The calculations determine the probability of

at least two hits on the target.

e.g., for 20 meter lane widths

Mean = Foot rint Width � Lane Width 27.2 � 20
Lane Width 20

Maximum = Foot rint Width � Max Error 27.2 -26
26Max Error

Minimum = Foot rint Width � Min Error 27.2 � 14

Min Error
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The average detection rate � hits! for the 12 Apr il
trial was 705 at 10m lane spac ing this is encouraging con-

sider ing the magnetometer had a down time of 53%. I f the
sensor downtime can be considerably reduced then track widths

of 15 meters should be feasible with a search effectiveness

comparable with the APSS, i. e., 80% probability at an 80%
conf idence level for locating average magnetic target ano-

mal ies.

5.3.3 CDD

Tr ials should be conducted to ascer tain those environ�
mental conditions, equipment malfunctions or maneuvers that
induce the CDD to oscillate. If possible, the tr ial crew
should try to recreate conditions similar to when the CDD
oscillated on the 12 April trial If the oscillations can be
re-created the CDD should be fully monitored on the strip
chart to allow wing angle, pitch and roll, set point infor-
mation and altimeter to be read along with hand notations of
different loop gain settings. Alternative methods of recovery
to level flight should also be attempted, e.g., switching to
depth control, switching to manual control or altering loop
gain. On completion of the trial the conditions that cause
the oscillations and the quickest way to recover the CDD to

level flight should be identified.
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5.3.4

Each search track will experience an area gradient either
positive or negative. If possible this gradient should be
measured during the preparation period before the actual
search commences. Prior knowledge of the gradient wil1 allow

the operator to set the strip chart stylus in the correct
position at track start. e.g., In the trial area the average
gradient is + 38 gamma, therefore, on the 50 gamma full scale
the, stylus should be set at a position 6 small divisions in
from the edge of the chart. If the operator has to adjust the
stylus during a search run he should ensure that it is not
done during an anomaly reading.

If during the search, the strip chart operator notices
that the CDD either starts to porpoise or moves outside the

altitude limit of 14 to 21 feet he should inform the Com-

puter/Plotter operator to note that, during this period, an
incomplete search has been made.

5.3.5 Trial Area

Consideration should be given to re-evaluating actual
target and other anomaly positions each time the trial area is
visited. The suggested way, which has proven to be the most
accurate in the past, is to tie on to the target or anomaly
f rom a 1ight skiff. The light skiff should then take range/-
range readings to be converted to XY coordinates at a later
t ime.

5. 3. 6 S eed and Maneuver in

 a! The CDD design speed of 7 knots has been proved.
However, conducting search runs at an "over the
ground" speed of 6 knots ensures that the design
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speed is not exceeded. Consideration should be
given to controlling the search vessels speed to 6
knots "over the ground" in Normal and Reverse runs.

This will give:

 i! Allowance for a maximum of 1 knot current

 ii! Good steerage way for the helmsman

 iii! Records of even length

 vi! Records of even gradient

NOTE: To ease the problem of uneven records, the Techcen

could consider the purchase of a strip chart recorder whose

paper speed is controlled by boat speed.

 b! It can be seen from para 2. 3. 2. 5 that conducting
turns with the CDD submerged does not give satis-

factory results  Figure 5-2 ! . It not only allows
the CDD to loose depth and speed during the turn but

greatly increases the strain upon the CDD during the
turn recovery phase. Consideration should be given
to making turns in accordance with "Memorandum for
the Record", 505/BJ:mbs dated 7 March 83. If the

turns are completed at slow speeds with the CDD on

the surface it is not only safer but very much

easier to control. Sufficient stand-off is required

to enable the CDD to resume operating depth before

enter ing the search area.

 c! Consideration should be given to making recoveries
of the CDD and sensor at minimum ahead speed on one

shaft. The CDD should be surfaced and the search

vessel should be maneuvered to head into the
current. One person should be in charge aft. The
person in charge should not aid in the recovery but
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Figure 5-2

Boat. Track

CDD Track

/A

Point A: Zero speed
and sinking

Point B:
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CDD Maneuvers Durin a Turn

Adverse strain as
cable tension is
taken up with the
CDD facing away
from the vessel



direct operations from a position where both the
recovery crew and the helmsman can hear his com-

mand s.

5. 3. 7 Navi ation and Trackin

 a! To assist. in identifying holidays in the search due
to navigation and tracking, onsideration should be

given to alter ing the HP 9825 program to allow the
plotter to draw the expected track courses as well
as the actual. Operators could then make real-time
comparisons of actual to expected track and im-
mediately identify excessive track wander.

 b! It is suggested that gaps in the search not be

re-searched until after completion of the entire

search. Very often adjacent tracks inadvertently

cover the area missed by the previous track.

Leaving the re-search until last, also ensures that

it is planned and covered in the most efficient

manner.

 c! Control of "end of track" turns should be given to
the computer /plotter operator instead of the
helmsman. This would entail making the plot of the

area longer in the X coordinate to allow monitor ing
of the stand off distance. If this is considered

undesirable, the laying of marker buoys at track end

and track start could be considered. This would give

the helmsman a visual indication of where to

commence track start.
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 a! In Section 2. 2 it was determined that with a cable
scope of approximately 300 feet and a set altitude
of 20 feet, the CDD remained in stable flight

throughout a depth range of 45 to 80 feet. Beyond
80 feet, the CDD tended to "fight" the cable for

greater depth as depicted in Figure 2-8 Assuming
that the ratio of scope to depth is approximately

linear, the following constant scope vs depth range
table will aid the operators in future trials at 6

knots.

Length of cable  scope! = 300 feet
80 feetDepth of water

Ratio = 300/80 or 3.75 : 1

Sco e vs Usable De th GuideTable 5-3

NOTE: Slower speeds than 6 knots may require a slight
reduction of cable length.
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 b! Consideration should be given to operating with a
minimum scope length of 250 feet for the following

reasons:

 i! The CDD tends to fight the cable on short

tethers trying to assume a too acute down

angle.

 ii! Trail distances will vary less using a longer

cable scope length.

 iii! Cable scope lengths of less than 250'

increase the chances of the CDD being outside

of the slant range transducers 15o conical

field of view.

Using the formula, Sine e = Depth

Scope,

The following table shows the optimum transducer angle from
the horizontal plane and the range of operating depth for a

fixed cable scope.
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5.3.9 Trail Calculations

the printer would display:

Event g Boat XY De th and Slant Ran e

Obviously if slant range is not available then it will be
omitted from the print out.

a. With Slant Ran e Sonar 0 erable: When the slant
range sonar is operating properly, the trail can be
computed. using the f ol lowing equat ion f rom Chapter

4  Figure 4-5!.

T = xl + x2+ X

yields:where X

T = xl + x2

where T = trail distance from radio antenna to

towfish

xl = distance f rom antenna to slant range sonar on

the boat

x2 = distance from CDD to towfish

rs = slant range from CDD to slant range sonar

5-19

The CDD boat program should be revised to determine trail
for two different modes of operation, namely " operating with

depth information" or "operating with depth and slant range
information". It is not suggested that these programs attempt

to calculate the sensor position in real time, only that the

information should be displayed on the print out for use in

post data analysis, e.g., with Depth and Slant range operating



d = CDD depth

X = horizontal  x! distance from sonar to CDD

range equipment continues to be inoperative, the
importance of time spent at the beginning of a search
operation in calculating an accurate trail, cannot be
over emphasized. It is recommended that consideration
be given to executing trail calibration runs  Section
2.2! for three depths. Depending upon the range of
water depths in the search area, runs should be made
in the deepest depth, the mean depth and the shal-
lowest depth. This information can then be put into
the HP 9825 to enable a more accurate trail distance

to be interpolated at various depths within the

area.

For example, if the trails calculated for the three

depths are as follows:

dl  shallow! = Tl

d2   raid!

d3  deep! T3

where d = depth

T = trail distance

See Figure 5-3.

If we linearly interpolate between points, we can
determine a trail value for any depth d between dl

and d2 using the equation:

5-20
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Trail vs. Depth

Tz-

Depth  meters!

FIGURE 5-3 Trail Versus Depth Interpo]ation



 d2 � dl!

and similarly for a depth d between d2 and d3 the

expression is:

T = T2 �  d � d2!  T2 � T3!

  d3 � d2!

If it is found that the var iation in trail is
sufficiently linear with depth that only a shallow
and deep trail calculation is required   i. e. Tl and
T3 only! then the express ion would be:

T = Tl �  d � dl!  Tl � T3!

 d3 � dl!

lt would also seem that if accurate records were kept
regarding length of cable versus trail for various
depths, that this information could be stored in the
computer and used in subsequent searches without the
need to repeat the same trail procedures over and
over.

5.4 Data Reduction

5.4.1 Stri Chart Anal sis

The strip chart analysis outlined below will derive a
satisfactory target position from peak positive gamma strength
positions within the test area. This method should not be
used when searching in areas where the angle of inclination is
more than 78o or less than 58 . This section is written on
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the assumption that the recommendation that search operations

be conducted at a constant over the ground speed is imple-

mented. The f ir st step is to lay out the str ip char ts and

study the overall picture. The speed over the ground should be
checked between event marks, where speeds are not constant

the chart should be annotated. The next parameter to be

studied is the CDD altimeter trace, the depths should vary

evenly from 14 to 21 feet. Where oscillations or rapid changes
occur the chart should once again be marked. the operator

should now take a ruler and draw a mean gradient line through

the entire 3.ength of each gamma signal i f the speed has
remained constant. Where large anomal ies  e. g., the sub-

mar ine! occur the line should continue to be extended  F igure
5 4! through the anomaly. This will highlight the extent of
the magnetic influence of this large object and indicate to
the operator that readings cannot be taken in this area. The
next task will be aided by studying the magnetic footprints
for the search altitude in Section 3. 2. F igure 3-3 depicts

the appearance of an average target when viewed from a search
vessel passing directly over the target on a Nor th/South
course. Figures 3-6 through 3-12 show the magnetic footprints
of a target with a magnetic moment of 50K cgs. The magnetic
moments of actual targets will range from about 35K cgs to

120K cgs, therefore, the diagrams can be adjusted as in
Section 3.2 to represent the target strengths expected in the
search area. Actual targets will not be lying in an exact

Nor th/South or ientation, therefore, their signatures will be
skewed slightly in an East/West direction extending the
negative response either to the West or East of the target.

[The planned magnetic signature analysis work in the next phase
of the program will resul t in a set of typical anoma3.y
patterns for various dipole orientations and for monopoles.
These and composites from the NCSL 1952 report  Ref. 5! can be
furnished to the analysts to aid in interpreting the meaning
of each anomaly data set. When this occurs, it is possible
that the operator will only see a negative response. Another
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about 40 meters. The width of the average target response in

the West/East direction from +3 gamma through the anomaly and

back to +3 gamma is approximately 30 meters. Therefore, if
search lanes continue to be run at 10 meter intervals in a

Nor th/South direction it could be possible to witness four
hits on one target and there is a very high probability of at

least seeing the target twice.

The algorithm incorporated in Section 3.2 calculates the
targets position using the XY position of the peak positive
gamma response of the signal. Therefore, it is suggested that
future target information be input to the HP 9825 in the

following manner:

EXANPLE

lA  Track l,f irst contact!

7  Peak positive gamma reading!

15  height in feet of CDD above sea bed!
0.66  fraction between 1st and 2nd XY!

Name

Amplitude

Altitude

Fraction

l309 875XlYl

Depth 80  depth in feet of CDD!

140  boat transducer to CDD receiver in
meters

Slant Range*

X2Y2

Depth

Slant Range~

1431 875

82

141

change that occurs due to varying the targets orientation is
to produce small areas of negative gamma response to the South
of the main positive gamma response. However, if a target

produces a positive and a negative response then the main
positive response will always occur to the South, followed by
a weaker negative response to the North. The length of the

average target response in the North/South direction from
gradient level through anomaly and back to gradient level is



*NOTE: If slant range is not available it is suggested that a
code e. g., "N" be input at this time to allow the computer to

select the correct algorithm to be used �.3.16!.

Assuming that fixed offsets have already been input, the

computer using the algorithms in Section 3.2 will now print

out:

XY  position of the peak gamma response!

The computer will then look for other gamma responses in
the vicinity of that XY position. If they are present it will

calculate the XY position and magnetic moment for the sus-

pected target. It will then p~int out:

 Targets position!

 Magnetic Moment of the target!

When all peak positive gamma anomaly responses have been

input they can then be displayed on the plotter. It is
suggested that anomaly position crosses and names are al-
located different colors  as with the present system! 0 to 3,

3 to 5, 5 to 10, 10 to 15 and 15 to infinity. The final
plotter color pen should be allocated to marking the position
and magnetic moment of the target.

On completion of plotting of all the contacts the tracks

should be laid along side each other to see if gamma responses

not plotted coincide with those that have been plotted in
adjacent tracks. This process will highlight anomalies of low
level intensity that may have been missed.
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CHAPTER 6

FUTURE IMPROVEMENTS



6.0 Conclusions and Recommendations for Future Im rovements

6.1 Introduction

The previous Chapter addressed those MSS equipment and
procedural improvements that could be quickly implemented by
the NAVEODTECHCEN staff. They will meet the immediate needs
in taking the MSS through its OPKVAL. This Chapter discusses
some post-OPEVAL modifications that will significantly improve
the operational capability of the MSS.

A primary conclusion is that the single magnetometer MSS,
as currently configured, requires an inordinate amount of time
and effort to measure and chart sensed ferrous objects,
particularly under complex magnetic background situations.
The recommended improvements presented in this Chapter will
accomplish the following operational improvements.

A. Provide a real-time analysis, measurement and

charting capability.

B. Nhen the Inshore Pilot is available, enable real-time
comparison of current magnetic search contacts to the
cumulative contact/gradient history in the area.

C. Provide a capability for real-time merging  overlay!
of sonar search data in the area.

These operational improvements will be accomplished by
our pr inciple recommendation that the MSS be converted, in
total, to a microcomputer based system capable of analyzing
and charting the results of the search operation in real-time.
The system implementation recommended herein can be ready for

sea trials in approximately 15 months from program authori-
zation.
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6.2 Automated MSS Hardware Confi uration

Machine processing of the magnetic anomaly data during
the search operation is almost a mandatory next step in the
development of the MSS. The technical approach outlined
herein, will also complete the very limited degree of au-
tomated navigation data logging in the present system to fully
automate the charting process. There are two distinct
components in this system upgrade program. The first is to
automate the acquisition analysis and interpretation of
magnetometer data. This includes machine analysis and
interpretation of sensed anomaly patterns utilizing algorithms

of the type developed in Chapter Three.

The second component is to fully automate the process of
determining and logging sensor position in the precision radio
navigation grid system. This involves real- time solution of
the equations developed in Chapter Three utilizing direct
sensor input to the MSS microprocessor. Each of these two
components are discussed separately. They will be implemented
in a single microprocessor.

6.2.1 Na netometer Si nal Anal sis and Inter retation

The simplif ied block diagram of the magnetometer pro-
cessor is shown in Figure 6-1. The cesium vapor sensor,

frequency translator  NCSL FT-101!, precision discriminator
{NCSI,-NP-101! and strip chart recorder  MFE-1600! will remain
essentially as in the current NSS system. The separate
Frequency Synthesizer, shown in Figure 1-2, can be either the
current manually set unit or replaced by a computer controlled
unit such as one of the Hewlett-Packard famijy of digital
frequency synthesizers. The current components of the MSS
system that would be retained are shown above the dashed line
in Figure 6-1. Below the line are the new components the key
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unit being a modern microprocessor such as the HP 9826. This

is an advanced desk top unit that essentially replaces the HP

9825 now used in the MSS. The analog output from the NCSL

MP-101 is the input to the digital processor. The sample and
hold and A/D converter are synchronized by the CPU to sample
and digitize the Larmor frequency analog at a rate propor-

tional to tow vessel speed over ground. Sampling at a rate

not less than one reading per meter of travel, provides a

direct measurement of total field gradient as the sensor

transits through the contours of a magnetic anomaly. The CPU
will then compare sequential readings to measure peak ex-
cursion and slope between positive and negative peaks  when

they occur!.

Since at least two transits  hits! through the anomaly
pattern are necessary to compute the magnetic moment and
location of ferrous objects, a scratch pad storage is neces-
sary in the CPU. Since the storage interval may be quite long
and the small boat environment is not appropriate for hard or

floppy disks, we recommend the use of a moderate size bubble
memory. A S00 kByte or larger bubble memory would be capable
of storing all the magnetometer and navigational reference
data for a full days search operation. This is an inexpensive
and reliable form of non-volatile memory. A DC-300 type

digital cassette recorder is added to record the data on all
magnetic objects encountered during a search operation.
Unless the area is a magnetic mess, this cassette recorder
will be lightly utilized. It could also serve as the his-
torical file tape when the NSS is utilized for magnetic
channel conditioning.

6.2.2 Sensor Position Calculations
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The second function accomplished in the digital processor

is determination of sensor position as a function of time.

The equations for these calculations were discussed in Chapter
Three. The on-board inputs to these calculations include:

Slant range measurement  sonar!

Tow body depth

Boat heading relative to track heading  crab angle!

Radio positioning system output

Drag and cross-current hydrodynamic characteristics
of the tow bodies and cables

A.

B.

C.

D.

When the Inshore Pilot data base is available, current

patterns in the water column will be available for the
calculation of cross- track offset of the tow body  sensor
relative to the boat! . The preferred approach is a short base
1 ine acoustic position measurement system added to the slant
range sonar to directly measure sensor of fset from the boat

track.

6.2.3 Inter retation of Na netic Anomal Data

magnetic search sensor program will develop a ser ies of
signature analysis and interpretation algorithms that are
adaptable to a wide range of NSS configurations.
They will be usable for implementing the machine interpre-
tation of data from a single magnetometer search system. The
MSS single sensor system would become a single axis temporal
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A time and position correlated history of magnetic field
variations in the search area, are the necessary inputs to the
interpretation algorithms. The illustrative examples in
Chapter Two are for some of the simpler aspects of a computer-
based interpretation system. There are significant variations
from these simple algorithms caused by dipole orientation,
monopole targets, search track orientation and earths' field
orientation. The continued research in the next phase of the



gradiometer with good resolution along the track. Its
resolution as a spatial gradiometer in a horizontal or

vertical plane would be much less useful. There would still
be a requirement for at least two transits  hits!  N-S track!
through an anomaly to measure magnetic mass and location, E-W

tracks may be more difficult to analyze.

6.3 Rationale for Im rovement

The full automation of the single sensor MSS will not

increase the sensitivity of the system or materially decrease

the time required to search a given area. If the recommended
changes presented in the previous Chapter are implemented, the
analog/manually interpreted system search rate and sensitivity
will reach limits set by the intrinsic nature of the single
sensor system. However the laborious post search analysis and
manual interpretation  with its computer aided charting! will
be eliminated by the automation recommended herein. The
magnetic moment and location of ferrous objects will be
determined and printed out  charted! within seconds of the
second hit on the targets With appropriate communications,
suspicious objects can be designated to follow-up inspection
and neutralization teams.

If the automated MSS is utilized for magnetic channel
conditioning, any "new" ferrous masses can be immediately
designated as a "probable" based upon their recent appearance
in the channel. A second equally significant feature in an
automated MSS is the capability to overlay magnetic search
data with side scan sonar search data taken in the channel.
With the planned configuration control in the Integrated
Search and Inshore Pilot systems, overlay and storage of
multiple sensor search data is easily accomplished.
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I t is our recommendation that the program to develop and

demonstrate the automated MSS be initiated immediately. The

system can be demonstrated in approximately 15 months uti-
1izing commercial class ADP equipment. Program documentation

would include the necessary data and specif ications for the

competitive procurement of production systems by the EODTC.

The single sensor system is viewed as an interim pending

the development of a ganged sensor system capable of covering

a much wide search track. The signature processing algorithm

development in the next phase of this program will lay the
basis for the evaluation of a multi � sensor MSS using temporal

and precision spatial gradiometric processing to achieve a
four fold or greater improvement in MSS search rates. It is
conveivable that NSS search rates could approach those

achievable with high resolution side scan sonar systems.
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