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CHAPTER 1

INTRODUCTION



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. 1In 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 microprocessors. 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 Origins of the EOD MS53

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 1-1 and 1-2). The system could be used
in one of two modes either as four separate magnetometers oOr
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
continucously, its signal being mixed with the incoming near
bottom sensor signals. The NCSL Magnetic processors took the
resulting difference frequency and processed it to provide a
dc voltage directly proportional to the difference in the
total magnetic field 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 compecnents. 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 Preocessor (MP-01) are both directly
useable in the digital processing system that is discussed at
a later point in this report. Both units 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 (1) the accuracy of sensor
location, (2) the maintenance of an accurate search course,
(3) the sheer volume of data and how to analyze it, and (4)
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
guestion 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 1its
capability to resolve spatial and temporal inconsistencies in

search operations is the aim of this research effort.

1-4



1.2 The Present EODTC System

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 CbD. 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 linterrogater 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
from the magnetometer, use it to modulate a carrier 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 original configuration, transmitting the raw

magnetometer output signal to the sur face control box without

1-5



xod
Tox3uo)
I3M0g

Homcﬁ )

IpNITIIY

.@mumsouw:mmz

adad 9yl yieauaq
funys 9q O} Jeuos a3yl o3
pamoT[e UbIsap Teuibrio ayy

——eTT T T YT T YT, T Ty, Ty ey ey Ty Ty T Ty T T T

*

AT

yidad

\'4

£-1 odnbty

‘UoTjeanbijuoy goH juoseld




Figure 1-4 Present MSS Configuration
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the modulation/demodulation taking place. The Larmor signal
is now directly inputed to the magnetometer processor de-
veloped by NCSL for the Suez configuration. The geographic
location of the gamma readings (indicated anomalies) are
calculated from printed 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 Analyses

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 1n
laboratory tests of a computerized MSS data acquisition and
analysis scheme. These sea trials took place on 17 and 18
April in the Test Area. Arranged on an ad hoc basis, there
were some initial MSS 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 during these
trials. This information will aid in defining some of the

improvements that will enhance the operational effectiveness
of the basic system. The EODTC personnel who crewed the

system during these trials are well aware of these operational
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problems, some of which can be partially resolved without
significant modification to current hardware or data reduction
procedures. A substantial portion 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 MSS 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. 1In 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 1) indicated that the single
magnetometer system is capable of mapping ancmaly 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 algeorithm 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
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operations. A real-time capability may require a more capable
microcomputer than that utilized in the current system (HP
9825).

1.4 Objectives of the MSS Improvement Program

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 MSS
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
MSS 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 gquick

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 brief study presents the study
teams' conclusions concerning the current MSS configuratien
and two distinct recommendations. The first, presented in
Section Five, covers gquick 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
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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 system would provide the upper limit in
search capability possible with a single magnetometer con-

figuration.



CHAPTER 2

MSS CONFIGURATION, PROCEDURES AND STATUS



2.0 MSS Configquration, 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 1is
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 System Configuration

The currently used system was briefly introduced 1in
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. Magnetometer Signal Processing

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 characteristics 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
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documented in the NCSL Report on the Suez equipment (Ref. 1).
There are some interesting inconsistencies in this report

which are noted.

The simplified block diagram of the magnetometer signal
processing circuit is shown in Figure 2-1. The VARIAN 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
senzors. This is the configuration shown in Figure 2-1. 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 ocut 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 1is
set-up prior to the start of the run by setting the fregquency
synthesizer at approximately 1 kHz above the Larmor freguency
from the search sensor. The zero adjust on the MP-01 Magnetic

Processor can then be set to the center of the linear dis-—
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criminator 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.
Thig arrangement will work quite well as long as the output of
the frequency synthesizer is stable and free of spurious
signals. 1If 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 Freguency 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 15° from the vertical. The optimum
earth's field angle is about 459 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

2-4



&
o
J..ﬂm%.
&%@
@
— —mm— - ——— e —— \JI..I-J —_— —— ——— e o — - -
Te3lUOZ T10§ [BO00'T
i
\w
&
4
V St
£
/ — ..fo
J a\\\//
\ .|I.1I.I\Mv
i
]
==
25
39
g

*9318
3IS83 3I® PIaTF jusIque

S,Yy3ied Jo UOTILUTIOUT ;g

ISjowoloubeW FFS-6F URTIBA JO SUQTZ 2ATIOV
Z'¢ 2anbtd



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 459 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
2.1.3.

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 orientation 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 freguency input to the search sensors' Magnetic
Processor. If the Larmor frequency into the Frequency
Translator is temporarily lost, the Phase Lock Loop (PLL) will
jose 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 1lock 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-01 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.
It is far more precise 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 Freguency 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 1s

relatively short. This technique is described in Section 2.3.

Even when slant range is measured, the problem of
determining sensor position can be gquite 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 gquite complex, po-
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tentially 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 ancomaly 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 Qrientation

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 2.1.1
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
(5-10° or more) pitch angle. This would move the earth's
field angle closer to the optimum (45°) 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 spherical coverage. This 1is

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 Acguisition and Analysis 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 1s conducted data was collected and

recorded in the format shown in Table 2-1.



Table 2-1

Data Collected During Search Operations

Source Signal Name Type of Record Recording
Medium

Magnetometer Gamma analog Strip chart

Altitude Altitude analog Strip chart

sonhar

Pressure Depth analog Strip chart

guage

Radio X output from Paper

navigation ¥ HP 9825 printout

system computer 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 plotter 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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Table 2-2
: START FILE 1

+MAG-/CDDTEST 11,82

RAME FRAC TRAIL AMP X1 Y1 Py Y2 ¥ ¥

. 174 #.26 '81.8335 4 1384 1815 1518 1B6i4 . 1350.9%65 1614.5
1%4 B.36 ° 81.335 4 1566 1813 1€89 1015 . 1525.1085  1814.8
2A4 6.52  B81.335 . 2 2297 1823 2169 1826 - 2317.495 1G24.5
2B4 8.706 81.335 2 2664 10826 1945 1422 26E2.635 1024,0
2C4 Bg.7t 81,385 6 1869 1025 1756 1024 1878.105 1B824.5
204 g.43 81,335 2 1585 126 1451 182¢ 1897.215 1026.0
2E4 .58 81.335 4 1490 1026 1372 1¢24 1562.895 192S.6
2F4 9.51 81,335 4 1296 1823 1176 1025 1316.135 1824.8
2G4 .53 g1,335S 3 1176 1025 1882 1825 . 1196.315 182S.9
ZH4 g.54a 81,335 4 943 1624 825 1823 T 985.335 19823.5
214 0.47 81,335 3 865 1@23 745 1622 889,935 1@22.5
23R4 8,22 81,338 2 1395 1838 1522 1@36 - 1341.605 1@837.0
3B4 0,32 81,335 2 1436 10835 1566 1034 1396.265 1034.5
3C4 - 9.32 81.335 1 1688 1837 1728 1035 1564.425 1@36.0 -
2D4 9.49 81.335 ? 1920 1832 2837 1037 1355.995  1034.5
2E4 8.44 81.335 18 2116 1831 2231 1833 2085.265 1832.6
3Fs+ 6,29 81.335, 2 2387 1838 2595 1034 - 2339.885 1032.¢
4A4 g.48 81,335 @ 2839 1648 1919 1948 2062,735 1848.0°
484 ©.34 81.335 ? 1919 1248 1796 1044 1958.515 1046.8
4C4 . B.36 81.335 26 1879 1046 1756 1040 1916.655 1643.06
4D4 2.€2 81,335 1 1598 1038 1476 1846 1603.695 1842.0
4E4 6.231 81.335% 1 1S15 1948 1397 1048 1559.755 10648,
4F4 .18 81.335 1 1478 1046 1357 1040 1535.915 1@643.8
4G4 g£.a2 g1,335 1 1476 1646 1357 1040 1567.355 1643.8
A G.17 81,335 1 1397 1046 1277 1040 1457,.925 1043.0
414 6.290 81.335 1 1319 1637 1197 1846 1375.925 1641.5
€D3 @.42 81,335 3 1660 1658 1483 1G58 1622,195. 1058.8
4K 4 6.4 B1.335 1 1157 1046 1035 1041 1184.€55 1043.5
EF% .42 81,335 26 1257 1868 1145 1peS 1291.295 1868,08
5A4 6,36 81,335 3 1218 18655 1341. 1053 .1189.945 1654.,6
SE3 g.27 81.335 4 1588 1855 1830 1857 1458,145 10656.9
€C4  £.51 £1.335 23 1954 1854 2873 1857 1335.965 16855.5
504 @,37 81.335 28 2837 1655 2158 1057 ~° 2000.435 1955.0
SE4  "6.46 81.335 3 2519 105€ 2635 1852 2484.065 1054.0
ER4 6,61 81.338 3 2313 1p55 2206 1667 2325.495 1866.5
€34  2.33° 81,335 1 2163 10684 20648 1G&6E 226€6.385 1@885.6
cC4 .67 B1.335 47 1973 1064 1860 16c0 1978.625 1862.0¢
EE% ¢.44 g1.325 4 1485 1868 1292 1069 143€.615 1888.°5
7R €.39 €1.335 19 1356 1672 1468 1@71 1314.685 1671.5-
7B+ .21 §1.335 17 17069 1875 1831 107% 165%,285 1875.9
7C4 C.az £1.33S 2 165 1677 26E7 1876 1917.885 1876.5
75 9.37 £1.235 1 2828 1676 2145 1g74 1969.955 1675.0
7E4 0,50 g1.3%3% 2 2028 1678 2145 1074 2005.1€65 1675.0
?Fa SL57 SL.235 12 2145 1674 2283 1980 2136.925 1677.8
7G4 Z.47 €1.335 9 2223 1BEG 2345 1076 219%.0065 1078.0
?H4 .33 81,333 25 23&¢ 1076 2505 1076 2343.935 1876.0
714 8.39 81,335 2 2464 10Q75 2584 1673 2429.,465 1674.0
A4 g.27 21.335 3 1314 1683 14309 t@e7? 1263.9685 1085.0
854 €.39 E1.335 3 1352 1@e22 1487 1621 1315.515 1@81.5
gC4 €.28 §1.235 2 1389 108 15@4 168§ 12337.565 10§3.5
ENs G.3¢ B1.335 3 178! 1081 1822 1{gs? 1835.965 1984.06
EZs 2.54 81.335 17 2144 10688 2258 1882 2124.225 10€S.p
374 €.31 81.335 22 2218 10885 2339 1@86 2174.17% 1085.5
234 .47 €1.335 4 2378 10689 2493 1687 2349.655 1@88.6
z44 .23 €1,325 { 2493 1687 2685 1082 2437.425 1884.5

T £.32 81,335 28 1218 1100 1319, 1997 11£8.985 1(09B.5
G T o TR o | =4 oy - A oy 4 e 4 2 P o S



rable £-2 (euliCluued)

SE4
- 9H4
E E2
£
£
#5F .

NAME

4M4
4J4 -
4L4
9F4
9G4
33
A
iz
52 ¥
¥TE
FIE
$5%
$3¥
iig

8.39

0.30
" B.39

@.z28
6.37

e.sg :

HIGHEST Y.

81,335 6 2185
£1.335 6 2525
£1.335 4 2444
€1,335 3 2374

. 81,335 2 2234
81.335 1 2234
LOWEST X =

LOWEST ¥ =
HIGHEST X =

tag2
1a97
1104
iita
1894
1894

2294
26435
2242
2272
2123
2123
890

1014
2584

11835

END OF FILE 1 -

START FILE 3

MAG/CDD TEST 1183 CONT

TRAIL _ AMP X1
81.335 35 25t0
81.335 2 277
1. 81,3358 2 1835
81,335 5 2222
81.335 2 2489
81.33S 4 2244
81,338 4 2111
81.335 8 2ti11
81.335 3 1748
81.335 8 1748
81.335 9 1284
281.385 2 1z84
81,339 4 1896
81,335 21 1898
LOKEST X =
LOWEST ¥ =
HIGHEST X =
HIGHEST ¥ =

Y1 X2
1040 2396
1640 1157
1841 309
1997 2332
1190 2666
1160 2111 .-
11861 i1%ee6
1181 19380
1898 1614
1898 1614
1691 11486
1891 1146
1164 982
11e4 962

1686
1643
2451
1104

END OF FILE 3

2-13

1697
1899
1106
1160
1161
1161

y2

1845
1646
1@4S
1897
t1ee
110
1l1aé1
1181
1698
1698
1651
1091
1184
1164

2146.175
2503.6€5
2455.555
241€.575
2274,265
2242.7325

X

2450.720
1322.335

1 1079,795

2194.3565
2440.4235
2270.885
2130,.765
2100.635

, 1773.73S

1726.875
1294,955
1242,515
1147.855
1G83.5325

1694, 5
1698, 8
1185, 0
1165, 6
1097.5
1097.5

v

1842, 3
1643,0

10643.86°

L

1897.90

"lileo.e

. 1198.4@

1101.0
1161.0
1998. 0
1098. @
1991.0
1691..8
1164.0°
1184.0
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Figure 2-5

Gamma Readings Plotted in Theory

+3 gamma
+20 gamma |
@4 Probable Position
8 gamma of Target
-r
+1'gamma
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Figure 2-6

Gamma Readings Plotted in Actuality

10 gam
+ gamma

p 5 gamma s _& gamma
m
- gamma
*50 gamma
+1 gamma

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.
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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 Equipment Status

2.3.1.1 CDD Vehicle

{a) #2 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

(1) Used as spare parts

2

17



(ii)

Previous flight qualities good

2.3.1.2 CDD Control Box

#1 CDD Control Box Operational

(1)

(i1)

(iii)

(iv)

Operating without a back-up centrol box

Operating with an altimeter set point control
that is in error from the actual control point

by a factor of five

Operating with uncertain calibration of the

loop gain control.

Operating without a warning lamp to indicate

"reset/normal mode" from "fast mode"

2.3.1.3 Magnetometer Sensors

#2 Magnetometer sensor: operational

#1 Magnetometer sensor: non-operational

(1)

(i1)

(111}

Operating with a possible signal cross talk
problem

Operating without known tuning for the
reference signal from the synthesizer

Operating with the through water orientation
of the sensor unknown and probably at a pitch
angle relative to the horizontal



R

(iv) Operating without the ability to fine adjust
the sensor orientation within the sensor

housing

2.3.1.4 Cubic Autotape

Operating with two areas of radio interference within the

trial area.

2.3.1.5 HP Desk Top Computer 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 NAVSCHOLEOD Search Vessel

The recent ¢trials indicated that the search vessel
employed was ideal for the task. It was stable, with adegquate
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 Operations

2.3.2.1 CDD Operational Status

aAlthough 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.

bDuring the 18 April trial it flew between 2 and 4 feet below



the set point altitude for the majority of the mission with

occasional excursions to 6 feet below set point. However,

periods of instability were experienced and are outlined:

(a)

(b)

Porpoising. Occasionally the CDD would pass into an

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.

Deep Water. Another occasion when the CDD became

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 1is
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 Magnetometer Sensor Operation 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 10 feet

or more In 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)



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 difficult to
impossible (Figure 2-7).

There is still sufficient 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 submarine. It also
jllustrates the average gamma gradient shift for the search

area.

on 18 April 1984, #2 magnetcometer 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 1is, this
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Table 253'

Data Loss and Gradient 12 april 84

Tr ‘;Ck DuTrraatcik on DBaaéi a %Dgi’gd é‘fgézgfﬁ glilEl‘;fﬂf:Ec‘iE:

Secs Secs Rate Gamma (m)
1 540 460 15 % +33n-s 350
2 700 320 55 % -39s5-n 734
3 620 240 62 % +37n-s 720
4 680 300 56 % -33s-n 660
5 600 200 66 % +41ln-s 600
6 700 260 63 % -38s-n 630
7 560 380 33 % +37n-s 670
8 750 260 66 % -46s5-4 670
9 NK NK NK NK NK
10 640 440 32 % NK NK
11 580 80 87 % NA 300

Average gradient due to spatial effect

Average good data recording rate =
Average signature influence from submarine to Y 945

53%

27

= 38 gamma for 1600m

= 630m



Table 2-4

Appendix 3

Track Information Record
Tierney
Operator Richardson Program Cart # Boat Normal -Semar Mag #2 Single Sensor
Date 18 Apr 84 Data Set (Data S Range S
. Tab .
Location Solomons | le) ) . Lane Spacing 10 meters
Sea State 2 Search Axis 0307210 Current South on Surface
Deck Trail 6.56m Wlnd_ West 6kts Towpoint Offset NIL
Mag #2 13.96m ' T, *  fPrail (no Slant Rge) 114.5
Track Direction Time | Time Avg
PLfset # Nor Rev In Out Spee '_‘ReSUIt . Dif
Trail Bad
1070 leaic 1 1032 1836 5.2 ly/on X/off all o
1070 | " 2 1039 | 1044 | 6.17 gﬁgg %/on
] Bad .
1070 "3 1047 1052 5.16
ééggf 4mE  X/0ff all 0
1070 4 1055 1059 6.19 Y/on X/on .
1020 | v 5 1059 | 1103 | 5.7 gﬁgg C/off all ;
1020 | " 6 1108 | 1111 | 5.1 gign C/off all A
" Good "
1020 7 1119 1121 5.65 Y/off 3mW X/on p
1020 | " 8 1226 | 1128 | s5.17 |23 o1
' 000 Bad 060 P.Good
Course Test #9 1130 1138 - 050 Good 340 Good
Good
900 10 1152 1200 4.82 [Y/on X/on
970 11 1237 1247 - No Data
Good
970 12 1250 1309 5.27 |Y/on X/off/1004.1587 5
Bad & Trying
280 13 1305 1313 5.8 Y/on X/off Tide Change
990 14 1317 1330 4.92 %?gﬁ &X/on
.
] Trying to Good
1000 15 1336 1342 5.2 | yat1630 4m off NoX/1497/350¢
Good
1010 l _16 1346 1357 4.87 ¥/on X/o? - y
} Occasional Gliche
. Good
1030 18 1415 1427 4.83 Y/off 1800/2400 X/on 6
19 1431 1441 5.4z |Occasicnal Giiche 2160
L0490 Y/off 1400/1900 X/off 2514
1446 . | 1457 4.9 Good
1050 | 20 2-28 v/off 2000/2300 O/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
effect it for prolonged periods. it would, therefore, appear
that something else was different 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 freguency 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-0l's dynamic range.
Exceeding the dynamic range will cause output fold-over to
cccur, 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 addition

to the system would be of specific value.
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2.3.2.4 Trial Area

The trial area used for the test is suitable but is far
from ideal. Prior to the target field first 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 Speed and Maneuvering

{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. 1If current velocity is present, constant
RPM will produce strip chart records of uneven
length thereby making visual track to track data

comparison difficult.



(d)

(e)

(f)

2.3.2.6

(a)

At the end of track, Williamson turns were executed
at set RPM with the CDD in the dived state. The CDD
was set at 20 feet altitude controlled by the

altimeter.

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 te 7 feet altitude (Figure 2-11).

CDD oscillations appeared to be cured by temporarily

increasing the set point by 20 feet altituge.
Most CDD and magnetometer recoveries were conducted
with the search vessel at dead stop. Fouling of the

screws occurred on two occasions.

Navigation and Tracking

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.
It took an average of 154 meters into the track to
approach to within 2 meters of the intended track.

Possible reascons 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

2-31
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Table 2-5

Navigation Error 12 April 84 Trial

e m—— ey

!Possible‘

2-33

ST
P, _ Error
crack & . TXack ' DlTSotaZ“;e | 3 of over $ of  NAV . % of
rac Direction Track 2m of Track  Inter- | Track
of Track i ;
Track : ference |
_ ' Error E
1 NOR 428 24 % 525 298 ¢ 100 L4y
2 REV ! 30 | 2 % 155 9 % i
: L ‘ _ _ 1____
3 _ NOR 320 18 % 520 29 § i i
4 | REV 0 0 290 16 % |
5 ' NOR 225 12 % 630 38 | 170 7%
| e . i e
i ! i
6 . REV 0 0 530 298 . 100 4 %
| H
- | % e —
7 i NOR 200 11 % 630 35 % §
8 | REV 70 43 158 9 3
9 ! NCR 230 13 % 800 44 % 170 7T %
10 REV 40 2 % 310 17 % 40 2%
11 NOR ; B15 45 % 160s 89 % : 560 22 %
_ i _ j !
A. Average distance to on track within 2m = 214m
B. Average percentage off track in excess of 2m due to helmsman error 31%
C. Average percentage off track in excess of 2m due to Nav interference 8%
D. (A) without track II 154m
E. (B) without track II 25%
F. (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 (5%) when compared to other tracking

errors.

2.3.2.7 Scope 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) Target. The target 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

2-34
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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 configuration for the April trials is
depicted in Figure 2.14. It can be seen that if the
deck trail of 1l0m (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

Track A
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TRAIL CALCULATION

Prack A event mark 1l corresponds to X

Track B event mark 12 corresponds to x

Difference
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reduce the data for the 12 April trial it is estimated that it
would take about 600 man hours to reduce the data from the
search of a one kilometer sgquare 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 Average Target

An average target magnetic anomaly will be represented by
+9.3 gamma south followed immediately the a -1.2 gamma 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 (6 meters) feet if the sensor

approaches to within Y coordinate distance of 5.7 meters.

2.3.3.4 Probability

Assuming that the magnetometer can produce good data for

53% of the search it will have a probability 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 magnetic anomaly

every 19 seconds in a 1 sg km area containing 765 magnetic

anomaly responses.
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Pable 2-6
Mag Trial 12 April 84 Target Hits

Course |Target 4 |Positive : L}Target Proximity to
Dirh Hfi 4 Gamma N?g;ééfe ength(m) [Altitude Target
Qrientation +0 to -0 | Ft (m) X b4
NOR 31 1a 6.0 -— 23 19 412 -26
(5.79}
REV 31 2C 8.0s 1.0n 37 19 +29 - 5
(5.79)
NOR 31 3B 7.5s 0.5n 40 20 +38 -9
(6.09}
REV 33 AF 3.5n 1l.5s 40 20 - 6 -9
(6.09)
REV 32 4E 8.5s 1.0n 39 20 -5 -9
(6.09)
REV 30 4D 14.5s 2.0n 39 20 -5 -1
(6.09)
NOR 30 5C 1.5n 1.5s 40 20 =21 + 8
(6.09)
NOR 32 5B 6.0s 1.5n 35 18 + 3 -5
{5.49)
REV 29 6E 1.5s 1.0n 42 22 - 4 - 7
(6.7)
. 1.5s
REV 28 8C 20mid 1.0n 53 15 - 7 - 2
) (4.57)
NOR 28 9D 4.0s8 1.0n 43 ‘ 19 0 + 3
(5.79)
NOR 27 11B 20s 1.0n 55 20 + 1 -12
(6.09) P
. 0.5s
NOR 26 1l1C 20mid 1.0n 60 20 + 2 -1
i (6.09)
* Target Position Suspect
Average Target Length 42m Average Positive Gamma 9.3 south
Average Altitude 19.38ft Average Negative Gamma 1.2 north

Average X range {not *) 4.9m
Average Y range (not *) 5.7m
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2.3.3.6 Density

Assuming a density of 40 mine-like targets per sqg km

approximately 24% of the anomalies identified 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. Further trials using alternative areas are
required so that the Probability of Detection can be further

evaluated for differing conditions.



CHAPTER 3

MAGNETIC SIGNATURE STUDY



3.0 Analyses and Interpretation

The primary purpose of this quick look study has been to
evaluate how the MSS 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 cutput 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 dur ing
the trials would be incorporated into the configuration

recommended in Chapter 6 as part of an improvement program.

Computer analysis of magnetic search data 1is 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 fit 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 April sea trials encountered many equipment 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 Magnetometer Data Acquisition Test Description

On April 17 and 18 a field test was conducted at the EOD
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 performed 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 3-1. The microcomputer
also accepted rough sensor position data from the HP 9825
computer. The HP computer célculates the XY position within
the test area from ranges supplied by the Cubic navigation



Figure 3-1
Block diagram of data collection system
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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. Wwithin 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. 1In 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 = 8l.14

After each record was assembled in the microcomputer it
was output to a Tektronix 4025 terminal and a Datum Mcdel 400C

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
cutput, although this decreased the resoluticn for the strip

chart it still provided a useable system.



3.1.1 Problems

There were some problems evident in the testing that
should be mentioned. The slant range measurement eguipment
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 Retrieving Data from Tape

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 MSEL the process of transferring the data
from cassette tape to floppy began. Early indications showed
that the data transfer from cassette to terminal were not
reliable. A complete playback of the data on Tape & 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



the drive on which each was produced: Tape A on Drive A and
Tape B. All connections were identical since the digital

recorder automatically switched drives.
All data that was reccoverable was placed on floppy disks
for further processing. Only the data from tape B contained

any significant information.

3.1.3. Conclusion

In summary there are several points which one can dr aw
from the test results. At first it was proposed to record
data on the 2 drive cassette recorder and transport the single
drive unit to UNH for data reduction. EXxperience has shown
that mixing data tapes and recorders is very risky at best.
Also, the use of mechanically driven devices in a hostile
cperating 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 signal which

has a -10 to +10 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.

It is not necessary to store all magnetometer infor-

mation. The background and unimportant data could be filtered

out.
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3.2 Development of Magnetic Ancmaly Analysis Procedures

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

format, and how these two correlate.

A Cesium Vapor magnetometer measures the total magnetic
field intensity. This is a scalar gquantity. The output
signal is a freguency (LARMOR) which is proportional to the
total field intensity. The undisturbed magnetic field 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 field 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 Anomaly Signature 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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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
implemented in a computer to locate the target and indicate

its probable magnetic moment.

3.2.1.1 Dipole Signature/Interpretation

A dipole has a field with magnitude and direction given
by radial and tangential components T.and T, These can be
expressed (See Figure 3-1A) by:

2Mcosé
r
g = —Msin® (Eq. 3.2)
8 r3

where M is the magnetic moment of the object, and T is the
amplitude of the anomaly. If the dipole is induced by a
vertical magnetic field the total field measured by a mag-

netometer would be:

Tz = T- coS & + T9 sin® (Eg. 3.3)
Combining the above equations yields:
T = M {3 cos® - 1) (Eq. 3.4)
g = arcsin 5 g = arctan
(x° + 27y 1/2 z

Since the magnetometer effectively measures the field in the
direction of the Earth's magnetic field, introduction of the
angle of inclination (B) enables the computation of the
component along the Earth's magnetic field. If the geometry
is analyzed, it follows that the filed components of T, and T,
along the Earth's field lines are given by:

T = T.cos (8 - 90° + B) + T, sin(@ - 90° + B) (Eq. 3.5)
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FIGURE 3-]1A

FPield Geometry.

Tr

TMr

M6

Sensor

}——— 90-B

i+90°-B+180-6=180°_
i=6-90%sz .
TMO = T8 Sin(8-90°+B)

p+90°-0+90°-B=90° o
P=8-904+8

TMr=Tr Cos(9—90°+B]



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

Tm = M3 2 cos@cos(8 - 90° + B) - sin@sin(@ - 30° + B)

assume for near vertical fields that € = 8 - 90© + B, then the

result becomes:

T, =3 (3 cos? B - 50° + § - 1) (Eq. 3.6}
r

where: M = Magnetic moment of dipole
1
r=@2+y2+zﬁ /2

\ X X
@ = arcsin = arctan —5
E{Z _ 22_'[ 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 = 689, M = 50 x 103 (cgs), x
= 10 feet above the dipole. In order to understand the
variation of the signal strength as the sensor altitude above
the dipole is varied, T (in gammas) is pletted along the x
axis (y = 0) for various 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 (2z).

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 1s much smaller than the positive

peak
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Figure 3.3
Dipele Signature on X Axis.
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Figure 3.4
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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 = 680,
As B gets larger, the profile on the x axis shows less of a
negative excursion and finally at B = 909, the profile 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 Intensity Plots/Interpretation

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
M= 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
kK, 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.
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Figure 3.5

Dipole signature on Y Axis
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Figure 3.6

Constant intensity plot Z=10 feet
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Figure
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Constant intensity plot
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Figure 3.8
Constant intensity plot Z=20 feet
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Figure 3.9 ° . ‘
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Figure 3.10

'Constant intensity plot 2=30 feet

Z=30 feet
M=50K(cgs)
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Figure 3.1l
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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 Fiqure 3-12 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
sengsor positioning errors provides an excellent tool for

search path planning.

3.2.3 Locating the Dipole

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 Computer Algorithm to Locate the Dipole

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.) Obviocusly if
the track is not exactly N-S8, 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 comparlson
with currently used methods. For example if the track was

west of North by 200, the position error in y would be on the
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Figure 3.123

20°0fftrack effect on Y value
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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:

2

= —2—— (3 cos® (6 - 90° + B) - 1) (Eq. 3.7)

and £ = (x2 4 y2 & 22y 172

where € = arctan

The peak value of gamma will occur when the angle:
8- 90° +B=0
Substitution yields:

arctan 90" - B

for our example, B = 689, hence:

fo)
arctan X = -22
z

and x = 0.41 z (Eg. 3.9)

Substituting this value of x into equation 3.7 and solving for

y yields:
y = +{(K - l.l?zz) 1/2 (Eg. 3.10)
where K =( 2M )2/3
T

This equation indicates how far the sensor was from 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-

latively easy discriminate against the erroneous solution.
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One way to implement this idea when searching for a range of
different size (M value) targets is described in the fellowing

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 M = 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 sclutions 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 footprint 1s 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 from the November tests.

As a correllary to the above, it can be seen that having
sclved for the target location, the algorithm 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

target size as well.

Algorithm for Locating a Target

rRead input xhit, yhit, z, T T is target strength

2/3 M;, is the smallest

expected mass



Figure 3.14

Target loction example

X Axis
Rejected Rejected
Solutien Solution
No No
Coincidence Y1(50K) Y2(50K) Coincidence
Y1(25K) ¥Y2(25K) '
| \
-.\\
\‘
Hit 1 Hit, 2 -
X! - !
10 gamma r 3 gamma .
Y AXisS

North
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K - My is the largest
H
expected mass
yplusl = yhit + \/"KL - 1.16822
yplus2 = y hit +V/%H - 1.168z2
;
yminusl = yhit -V/KL - 1.16822

yminus2 = yhit :/éH - 1.168z%
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 (1) yminus (1)
yplus (2) yminus (2)

to find target location
ytar = (yl + y2)/2
where yl1 and y2 are closest

the size is determined after the position is fixed at xtar,

ytar, 2z
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3/2
Size =(_t E(ytar - nit)? + 1.1682%]
2

NOTE: This algorithm was written for an angle of inclination
of 68°, however it will apply within + 100 of B = 68°. The
next phase of this project will extend the analysis and
algorithm development to a global system.

3.2.3.2 Implementation and Testing of the Algorithm

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)
iz 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 2z for at least 2 hits. The program
outputs the target location in X, Yy coordinates as well as the
size of the target which yielded the solution. The value of M
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 significance:
1. There is no figure 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 3.4

Sample printout for Target Location Algorithm

November Data

(More details on this algorithm and
tC' language is presented Appendix

Wed May 09 1:1:11:24 1984 - targd Page 1

Data for Targes # 101
xhit = 2077.,0 yhit 1048.0 zhit = 40,0 t

error flag: new Z = 38.9

xhit = 2077.,0 yvhit = 1032,0 zhit = 40.0 t
error flag: new z = 24,95

xtar=2073.1 ytar=1038.8 msize= 22

Data for Target § 102

xhit = 2077.0 yhit = 1048.0 .zhit = 40,0 t

error flag:s new z = 33.9
xhit = 2083.0 vhit = 1024,0 zhit = 40.0 t

xtar=2075.2 ytar=1037.4 msize= 60

Data for Targe: & 103

xhit = 2336.0 tht = 1024.0 zhit = S0.0 t
grrar flag: new z = 41.9

xhit = 2331.90 yhit = 1032,0 zhit = 50.0 t
error flag: new z = 41.9

xtar=2328.4 ytar=1028.0 msize= 28

Datz for Target £ 104 .

xhit = 1644,0 Yhit = {1058.,0 zhit = 20.0 t
xhit = 1641.C yhit = 1G735.,0 zhit = 20.0 t
xtar=1640.0 ytar=1070.8 msize= 42

Datas for Target # 105

xhit = 1307.0 vhit = 1068.,0 zhit = 20.0 t
arror flag: new z = 17.8

xmrtt = 1308,0 yhit = 1072,0 zhit = 20.0 t
er~rgr fl13g:y new z = 19.8

xtar=1305,2 ytar=1069.8 msize= 29
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1]

2,3

10,0

26.0

19,0

Target Name

22

22

19

36

37



0.1 - 0S¢ St

3-31

05 S~ - 006 GOT1 G16 6011 ¢t -
§22 - St | 1t 05 5- oI- 006 pEET 506 0sEl I
0%t - 041 £b 0L g- 9- 89€6 FAAC]! 96 Besl 8¢
091 - Ot 62 umouyun - 1+ 6901 Goel £L01 tOeT LE
0 - 081 b 0L £E- 0 001 ool €401 0p9l %t =
0L - 062 Lt umouyun 6+ 1I- 6201 6481 0201 0881 $e 2
m
09 €+ T+ . 6got 6402 K
LEJ13434A 25 0L I+ ¢- 501 602 9€0T B8L02 A
"oju} ou 9/ 5¢ 0 8+ ¢80t 1812 {801 £L12 12
06 ~ 0.2 gz 0% G+ £+ 8201 82E2 £201 G2ES 61
A X [y X A X
yabuauyg
(sooubap) 40 3jew sy yibuaugs (s4ajow) (s4230w) ( s4930uw) ey
uoIeuUdLLQ paje|hae) 1964e] abruaaay 40443 Uo{3e207 pajeinate) uoj3es07] Lenjoy 18bue]
aabiey .

SI0IX2 JO 23ewilsy

¢t 2T19%%



differences between the position locations and the
calculated wvalues of Magnetic Moment. It was
eastimated 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 wvalue
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
fixed estimate based on tracking over a known target
in 2 directions (N=-S) (S-N). During the April
trials, the magnetometer readings were very erratic,

as was the CDD depth control.

3.2.3.3 Analysis 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
¥ 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
obvious that the target location algorithm can indeed by used
to locate targets electronically.



Incidentally, the targets used in these tests varied in
orientation over the entire 3609 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 particular 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
algorithm 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-
nificantly 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.

It 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 guite 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 Computer Algorithm To Correlate A List of Hits

Into Groups

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 1is 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 during a

search.

A list of hits from the November trial is shown in Table
3-4 below. If we check the minimum signal amplitude detected
during this trial namely 1 gamma, and inspect our iso-in-
tensity plots, we can arrive at a y axis footprint for 1 gamma

of approximately 41 meters for sensor altitude of 25 feet and
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above as it was in the November trial. 1If we lock 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 off 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 grcuped to a target.
The algorithm 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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Table 3.3

Name XLDC YLDC },

ac4 2423,5 1i102.0. 2.3

aH4 2425,%  108... 3 1.0 Group 1

504 22I7.7  1035.0 4,0

A4 2237, LORE:D 3.0 Group 2

204 2%32,0 1075.0 25,0

op4 2T, L 10,3 2.0

3F4 2327.9 1032.0 2.0 Group 3
n4 2187,0 19780 8.0

AF4 2182.5 1037.0 5,90 Group 4

ZES 2119.9 10770 .70

OE4 2112.,% 1035,0 17,3 Group 5

2F4 2073.3 10%2,0 10,0 Group 6 oRELATION

7E4 1993, 19750 Z.0 ALGORTTHM

6C4 1330.6 1052,0 47,0 Group 7

Sps 1985.5 105£.0 28,0

4C4 1928.0 1033,0 26.0

SC4 192,89 05H:5  ¥2.0 Group 8

aD4 1294.0 1034.5 7.0 Sroup ©

S04 1882,1 1023 5.0 P
ED4 1644.2 1033.0 0

ansd 1644,0 10890 3.0 Group 10
SE4 1641.3 1075,0 17.9

4D4 LE1S,7  td42.0 1.0 aroup 11
op4 1609.3 1028.0 2.0

204 1552.% 193,02 1,0 Group 12
iF4 1S47.9 1023.0 1,0

4C4 1519,= 10430 1.0

254 151409 102500 4.0 Gr0up 13
124 1513, 1 1209 4.0

EE4 1448.6 1033.5 4.0 . .

S84 1446, L996:D 4.0 roup 1
414 1327.9 1031.5 1.0 :

2B4 1384, 103 2.0 Group 1
A4 1338.9 1014.5 4.0

199 13322 1hs%03 2.0 Group 16
ap4 1329.6 1037,0 2,0

SF4 1328, 1 L102.0 4.0 Group 17 -
aE4 1303.5 108:.,5 3,0 . 8

EE4 1303,3  tIRL:.D EE,O roup
J Y. . 4y T = 19 N



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 meters was included in the beginning of our

sorting algorithm.

As a final note, it is obvious that the output of this
algorithm can be input into the algorithm 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 Magnetic 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 variations are superimposed upon, and distort the
Earth's magnetic field. They are mentioned here simply to
indicate that any magnetometer system will have to discri-
minate against them in order to successfully 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 period 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.



CHAPTER 4

SENSOR PCSITION 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 objective of

providing a tabulation of errors due to these sources.

Chapter 5 will present suggested methods to reduce or

eliminate these errors.

4.1 Sources of Error - Magnetometer 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 1in

the x direction}.

3. Error Due to Trail Calculation:

Wwhen the slant range measurement system is non-
operational, a horizontal trail calculation is

experimentally determined and assumed constant over
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the entire search area. Since the CDD is tracking a
fixed altitude above the ocean floor the horizontal
trail does vary as water depth changes. This causes
an error in the along track (x axis) location of the

magnetometer.

4. S8lant Range - -Sonar Beam Angle:

When the sonar system is working, it has a 15°
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. Piloting Error:
This is due to inability to maintain the desired boat

track. Trial data is investigated to determine the

size of this error.

6. Navigation 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/Mag-

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 8 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 1lb and the crabbing angle 8. This error is cal-

culated as follows:



Position Error in Feet

w
Nav. Antenna

TAN

X

| N

l \

< g

FIGURE 4-1 Boat Crab Error Geometry

5 10 15 20 25
Crab Angle (@) in Degrees
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Ey lp sin © (Eq. 4.1)

Ey ly (1 - cos8) (Eq. 4.2)

if we assume an antenna to tow point separation of 30

feet and a crabbing angle of 159, the resulting errors are:

E 7.77 Et. (off track error)

Y

H

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:
Fp = 1/2 Cp pAV?2 (Eq. 4.3)

Let Ry and Ry 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:

{1/2 in)(12in)
144 inz/ft2

p_=1/2 C_pAV’=1/2(1.2)(1.9885) [4.5k) (1.68Et/5/k]°

Fp = 2.84 1b



The total y displacement can be obtained using the
equilibrium 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}.

=To} (Ry)Lc = (Rx)y where L¢c is the cable length:
u =Ry Lc = 1/2 CDPAVc2 Lc
Rx
1/2 CDPAVBZ
. . 2
This yields: Y = /VcC Lc Error due to cable
VB (Eg. 4.4)

To find the displacement due to the CDD and the tow fish,

we again use the equilibrium equation summation Fy = 0: (See
Figure 4-2).
Fpx = RyY (Eq. 4.5)
F
or y = —DX
Rx

where Fgy is the drag force on the instrument due to the cross
current. This is of course dependent on the cCcross current
velocity. Thus, the total vy displacement due to a cCross

current is given by:

VC (FDX)CDD * (FDX) Tow Fish (E 4.6)
y = (L + L.} + q. -
v Cl c2

B Rx

Substituting Eg. 4.3 into Eq. 4.6 yields the following:



Vo * Veurrent
N

V4

FIGURE 4-2 Cross Current Error Geometry (y)

) v

gf/

FIGURE 4-3 More Geometry (x) Error
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\"J
[ . 2

C +

(FDX} DD (FDx) Tow Fish _ 1/2 PCD ACDD Vc + 1/2PCDAT%

2 2

PA V

1/2¢, PR, V, 1/2c, PAL V, L

. 2

+ _

(FDX)CDD (FDX) Tow Fish _ VC (ACDD + ATF) ?

l

\. Rx AL V32 Y

since all the coefficients of drag and densities are equal.
The off axis (y) error due to cross current effects on the CDD
and the tow fish are shown in Eg. 4.7 where the y displacement

error becomes:

(A

Yy = (LCl + ch) C + CDD + ATow Fish)

v 2 (Egq. 4.7)
B VB AL

Total error due to cable, CDD and towfish

where Vg = velocity of cross current
vg = velocity of boat
L1 = length of cable connecting CDD to boat
Lcy = length of cable connecting towfish to CDD

(Fpg) CDD or towfish = instrument's drag force due to
cross current AT cross current's
normal velocity

Rx = drag force per unit length of the cable when the

cable is normal to the stream. Stream velocity is

boat speed

A} = area per unit length of cable perpendicular to
flow
NOTE: The total area of the instruments normal to a cross

current stream is:

Ay CDD = 4.282 ft2
Ay towfish = 3.25 ft2



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 X, to represent the error in

the x direction, the on axis (x) error due to cross current is

given by:
Xe = ¢ - (r2 - y2)1/2 (Eq. 4.8)
where r = Loy + Le2

EXAMPLE CALCULATION

In order to understand the magnitude of these errors we

offer the following example. The assumptions made are as

follows:
VB = 4.5'(
VC = .6k
Loy = 300 ft.
Lc2 = 300 ft.
1/2" cable
Therefore:
2 2
v v + A
' _-C_él_ (L. + L) ==E (Repp 75’
Y ‘( v-/ c1 - e2 T 2 A
B B
\
/0.6K 2 (0.6K2 (4.3 £t° + 3.25 ££2)
Y ={7.8K {330 ft.) + y : _
\ ) (4.5K)" {(1/2 in)(1l2 in)
144 in”®
- 2
ft

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

xe = r - /r2 - y2 where 4 = 330 ft.
330 - V/(330)2 - (9.1)2

i

Xe



Y Error in Meters

cab1e‘1ength

-
1}

vb

1}

boat speed

/

LC = 355M Vb = 4.5 knots

Lc = 225M Vb = 4.5 knots

L L, = 3551 Vb = 6 knots

ch = 100M Vb

-
4

l.c = 225M Vb = 6.0 knots

4.5 knots

.L = 100M Vb = 6 knots

T 1 1 T T

.2 -4 .6 .8 1.

Cross Current Speed in Knots

FIGURE 4-4 Sensor Error in y Axis Versus Cross Current
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xe = 0.125 ft. = 1.5 in. (negligible) error in x axis under
sample conditions. In the graph in Figure 4-4 for various cross

currents and boat speeds, the results of the Y displacement are

summarized.
4.1.3 Error bue to Absence of Slant Range Scnar Iystem

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 1is 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 rg. This is not
precisely accurate, however, the magnitude of error cal-

culations are representative,

For a trial run over a known target, rg (slant range) can

be determined by the relation (see Figure 4-6).

(d2 + x2) 1/2, gubstituting X = T-X1-X2 yields

rs

(d2 +(T - x] - x9)2)1/2 (EQ. 4.9)

il

s

where d is the water depth to the CDD, x; is the distance from
antenna to winch, x) is the distance from CDD to magnetometer

and T is the trail that is calculated,

The trail can be approximated by the relation

e
|

10



™N O T 8 = depression angle
\'2
A d
s
AN
N
N\
P
| Cop |
— g —— X | X2 7
Terail = X * X1 * %

FIGURE 4-5 Trail Error Calculation Geometry

< F
\g _
d =72 ft. 4= 72 ft.
re= 313,13 ft.
depth
_oaa=1 72 - 0
8= sin " 373713 13.3 ™~ range
N
FIGURE 4-6 Geometry for Sample Calculation FIGURE 4-7 Geometry for Sample

Calculation
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T = X3 + X + X; substituting for X yields

T = X] + X3 + rgcosé (Eg. 4.10)
where 8 = sin-1 d/rq

The error in trail would be the change in X as the CDD
changed depth through an angle d6. To find the error E;, we

subtract the estimated distance X from the actual distance X

as follows:

E = &fsocose)ac-l - ETO - X1 - X2)95;}

—

where T, is the initial trail calculation.
The trail error as a function of depth is:
E = (rgpcos %in‘ld/rsé] - Xo)  {(Bg. 4.11)
EXAMPLE CALCULATION

For the trial runs of 16 April 1984 the trail was estimated as

375.65 ft. The distances were as follows:

dgy = 60 ft.
Xy = 30 ft.
Xy = 30 f£t.

reo = E60)2 + (375.65 - 30 - 30)?] 1/2
=7321.3 ft.

Xo = T - X} - Xy = 375.65 - 30 - 30
= 315.65 ft.

We now use these Rg, and Xg values to find the error

associated with a target at a different depth.
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First take as a depth (d) the average depth in a sample
target field. d = 72 ft., a 12 ft. difference from the test
target depth. We now calculate the error due to this depth

change:

=
i

(rgsocos Ein"ld/rscz‘ - Xg!)

(321.3) (cos Ein*l72/321.€1 } - 315.65 ft.
E, = 2.52 ft.

Tf we now consider the worst case of the deepest target
located in this sample field, 4 = 120 ft., a 60 ft. difference
from the test targets. The error in trail calculation

becomes:
E = (321.3) (cos Ein-llzo/azl.ﬂ ) - 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
5-4), we arrive at an estimated trail error of 63 feet when

the CDD is operated at maximum depth of 390 feet.

It is clear then, that very significant errors in the X
position of the sensor are built into the system as it is
currently used. Methods of error correction are possible and

are discussed in detail in Chapter 5, Section 3.9.

4.1.4 Slant Range Sonar Depression Angle




Presently the system includes a fixed 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
field of vision, {(i.e., A 15° cone) it is quite possible that
the CDD could move outside it's field of vision (See Figure

4-7) .

8 should be adjusted such that
8p = sin~l (d/rg)

where rg is the slant range. The sonar will only be effective
if @ is within +7.5%9 of 8 since the scnar forms a 15° 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 trial runs of 16 April 1984 we

will set the following as our slant range and depth:

d = 72 ft. (average target depth)

re = (321.3 £t) (cos [sin~172/321.3])

rg = 313.13 ft. (slant range)

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

8 = sin-172/313.13 = 13°.

1f we let B range +7.5° (from 5.8° to 20.8%) then:
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dy = rgsind

= (313.13sin(5.89)
d; = 31.66 ft.
dp = rgsind

= (313.13sin(20.89)
dy = 111.25 ft.

So the range of operation for this configuration would
have been for depths of 32 to 111 feet.

To calculate the corresponding ocean floor depth to be
covered by these limits the CDD's altitude must be known,
i.e., if the cDD flies 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 (1) that the sonar depression angle can be adjusted
prior to a search and (2) that the boat is running smcothly

across the water and not adding to the angle error.

Note also that if a displacement in the vy 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 shift 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.



A problem could result however, if the crabbing angle of
the boat exceed 7.5° from 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 Piloting Error

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 t; 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 y shown below. Examination of the courses taken in
trials has shown that there is an average piloting error
approximately egqual 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 4-10).

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
tends to diminish the piloting error. To demonstrate this
with the most obvious case, note Figure 4-9. The pilot's true
position is at Point 1. Points a and b are the positions used
for interpolation; a straight line is drawn connecting them

and the boat is assumed to lie on this line. Now note the
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FIGURE 4-8 Typical Boat and Sensor Tracks
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FIGURE 4-9 Piloting Error Calculation Sketch
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Figure 4-10
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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 over
60 seconds, we find that the positions are extrapolated over
approximately 170 meters in the on track (x) direction. For
an average excursion of peak yo, = 2 meters, and delta x = 48
meters, we f£ind that the error introduced in the y axis is

negligible.

4.2 Summary and Conclusions of Magnetometer 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 ilnto two groups, namely

errors in x axis (along track) and y errors (90° to track).

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.

The y axis errors are attributable to two principle
sources. namely, boat crab angle and cross-current effects.
Both are largely dependent on sea conditions, and errors can

be extremely large.

4-19



Magnetometer Position Errors

TABLE 4-

1

of C

urrent System

ERROR TYPE VARIABLE(s) VARIABLE RESULTANT ERRORS
RANGE
Boat crab angle | Angle between x_meters y meters
track and boat 50 negligible .7
100 " 1.4
150 " 2.3
20° " 3.0
Cross current Cross current Vc % meters y meters y meters y meters
effects speed V. L.=100M [,=225M L =355M
See plots in Cable lenath L
Figure 4-4 able lengtin L¢ 2K negligible .3 .6 .8
Boat speed VB 4K " 1.0 2.3 3.3
_ 6K " 2.7 5.2 7.4
Vg = 4.5 knots 8K " 5.0 9.2 13.2
for this table. 1.0K N 8.0 14.5 21.0
Trail Depth of Cable Mag. X errors y meters
Calculation Magnetometer Length Depth 0-5.5M negligible
No Slant Range and Scope Ft. Range 0-13M "
Sonar of Cable Ft. | 0-20M "
300 33-105
700 80-245
1100 127-390
Trail Negligible within accuracy of sonar
Calculation
With Slant
Range Sonar
Depression See Table 5-4
Angle of Slant
Range Sonar
Piloting Negligible when extrapolating position
Error over 60 seconds
Land Navigation| 2 Range 300-1503 + 7.7M
System Geometry (2M) 60°-120 + 4.0M
90° + 2.8M
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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
(1) the trail calculation error when slant range is not

working, and (2) the effects of cross currents on the sensor

position.

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

improvement 1n sSystem accuracy.

4.2.1 Recommendations for Eliminating Magnetometer 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 Angle 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-



cally interfaced to a computer. These are commercially
available; many have digital outputs (10-100/second) and

accuracies of +1°©,

The first methed 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 15°©
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)



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 Ranging Sonar Depression Angle Correction

If the existing sonar ranging system is used, it is a
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
within the 159 conical beam pattern (see Table 5-4). Note
rhat if the boat has to maintain a crab angle greater than
7.50 to stay on track, that the CDD will be out of the beam

cross section.

4.2.6 The Total Solution to Positioning Error

After considering all of the sources of error in this

system, 1t 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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If this system was implemented with the addition of some
computer algorithms to correct the data for position errors,
the MSS would be capable of locating targets to within 5 to 10
meters. Most of this remaining error is due to the 1land

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. 1If the
system had a beam larger than the 15°© conical beam of the
existing system, this would alleviate the problem of main-
taining the CDD within that narrow angle.



Table 4-2
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Trail calculation
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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 achlevable 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
fix. Others, such as the problem of maintaining an accurate
sensor position are more serious, and may require the ac-

gquisition 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.



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.

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.

Wwith 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.
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 fixed, 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.

5.

Equipment Recommendations

1 CDD

(a) That #2 CDD should be made fully operational by:

(i) Requesting that Mesotech re-configure the
807 altimeter for internal mount within the

CDD vehicle



(ii)

(iii)

{iv)

Repairing the slant range vehicle electronic
circuit card and sealing the housing to

prevent further corrosion

Repairing the wing leak

Investigate and resolve the possible signal

cross talk between Data Channels

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 #1 CDD should be refurbished and that the

modifications proven in trials to be successful on
#2 CDD should be retrofitted te #1 CDD. On com-
pletion, trials should be conducted to assure 1its

operational capability.

5.2.2 ChD Control Box

Consideration should be given to:

(a) Assembling a #2 "back-up” control box, or have

duplicate spare boards made.
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(c)

5.2.3

Modifying the electronic circuit that controls the
altimeter set point to give true reading altitude

settings.

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.

A warning lamp should be fitted to the front panel
of the CDD control box to make operators aware of
the operating mode. A warning legend should
accompany it, informing the operators of the
difference between "reset/normal mode™ and "fast

mode™.

Magnetometer Sensors and Housing

Consideration should be given to making #1 magnetometer

sensor operational.

{a)

(b)

Resolution of the signal cross talk problem ocutlined
in 2.3.2.2.

Tests should be frequently under taken at the
NAVEODTECHCEN to ascertain the true extent of the
magnetometer Sensor active and dead zones ({both



polar and equatorial). This information will insure
that the sensor is working correctly within its set

specification.

{c) That prior 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
Number NCSL 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 Cubic Autotape

As outlined in this report {Table 2-5), there are two
areas in which navigational Interference occurred within the
trial area. The error caused by this interference can result
in the search vessel wandering off 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 R} and Ry is
good so it would appear that some other problem exists. If

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 Top Computer 9825

The CDD boat programs should be revised to include the

changes recommended within this report, i.e.:

a. Operating with depth information.

b. Operating with depth and slant range information

c. Calculations to determine magnetic anomaly position
d. Calculations to determine target position

c. Drawing track lines on the plot prior to the

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 NAVEQODTECHCEN.

5.2.6 NAVSCHOLEQOD Search Vessel

On commencement of the next MSS trial either with the
NAVSCHOLECD search vessel or any other vessel it is advisable
to calibrate engine revolutions for speed through the water.
The trial 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 RPM/Speed charts
should be furnished to the search operator and helmsman.

5.3 Search-Operational Considerations

5.3.1 Optimum Search Altitude

A detailed analysis of the theoretical anomaly pattern of
a dipole target (Chapter 3) was accomplished. Target
strengths of 35K, 50K and 70K cgs were selected and footprints
were produced for altitudes of 10, 15, 20, 25, 30 and 40 feet
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(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 68° 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 little 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. 1f 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.

‘Tt 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 from the trials of 12 and 18 April 1984

were also studied to assess optimum altitude.



Pigure 5-1
50K cgs Target Depicting 10 to 40 ft Altitude
Changes for the 1 Gamma Intensity Lines
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Figure 5-1

50K cgs Target Depicting 10 to 40 ft Altitude
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It was concluded (2.3.2.2¢) 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: (2.3.2.1) 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 optimum
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
achieve this range of depths the ideal set point will be 19

feet.

5.3.2 Optimum Track Widths

(a) Target. Determination of optimum track widths is
dependent upon the maximum range at which it can be
expected that the sensor will find a target. It
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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(b}

Navigation. Chapter 4 discusses the positional

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 109 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:
22 4+ 22 = /8 = 2.828 rounded to 3 meters

Calculation. Using the following formulae, a table

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 = Footprint Width - Lane Width 27.2 - 20
Lane Width 20

Maximum = Footprint Width - Max Error 27.2 —-26
Max Error 26

Minimum = Footprint Width - Min Error 27.2 - 14

Min Error 14
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Table 5-2 Lane Coverage
Probability of at Least Two Hits

Lane Width(m) Mean Max Min
25 0.09 0.13 0.42
20 0.36 0.05 0.94
15 0.81 0.29 0.99
13.6 0.99 0.39 0.99
10.0 0.99 0.7 0.99

The average detection rate (2 hits) for the 12 April
trial was 70% at 10m lane spacing this is encouraging con-
sidering the magnetometer had a down time of 53%. If 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%
confidence level for locating average magnetic target ano-

malies,

5.3.3 CDD

Trials should be conducted to ascertain those environ—
mental conditions, equipment malfunctions or maneuvers that
induce the CDD to oscillate. I1f possible, the trial 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. adlternative 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 guickest way to recover the CDD to
level flight should be identified.
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5.3.4 Magnetometer

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
cearch commences. Prior knowledge of the gradient will allow
the operator to set the strip chart stylus 1in 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 1n
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.

I1f 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 1is
visited. The suggested way, which has proven to be the most
accurate in the past, is to tie on to the target or anomaly
from a light skiff. The light skiff should then take range/-

range readings to be converted to XY coordinates at a later

time.

5.3.6 speed and Maneuvering

{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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NOTE:

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

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)

(c)

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 B83. 1f 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

entering the search area.

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



Figure 5-2
CDD Maneuvers During a Turn

Boat Track
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/ / cable tension is
, J / taken up with the
! / CDD facing away
/ J / - from the vessel




5.3.7

(a)

(<)

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

mands.

Navigation and Tracking

mo assist.in identifying holidays in the search due
to navigation and tracking, consideration should be
given to altering 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.

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.

Control of "end of track" turns should be given to
the computer/plotter operator 1instead of the
helmsman. This would entail making the plot of the
area longer in the X coordinate to allow monitoring
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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5.3.8 Scope

{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
Depth of water = 80 feet
Ratio = 300/80 or 3.75 : 1
Table 5-3 Scope vs Usable Depth Guide
Depth (feet) Scope (feet)
20 - 50 250
50 - 80 ‘ 300
80 - 100 375
100 - 125 470
125 - 150 560
150 - 175 655
175 - 200 750
200 - 250 840
250 - 300 1125
NQTE: 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:

(1)

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 159 conical
field of view.

Using the formula, Sine 8 = 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.

Table 5-4

Slant Range Operating Depths

Scopel{feet)

250
300
375
470
560
655
750
940
1125

Transducer Angle © Depth Range(feet)

9 6 - 71

13 33 - 105
13 42 - 131
13 53 - 167
13 63 - 196
13 74 - 230
i4 84 - 262
12 90 - 313
13 127 - 393
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5.3.9 Trail Calculations

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
the printer would display:

Event # Boat XY, Depth and Slant Range

Obviously if slant range is not available then it will be

omitted from the print out,

a. With Slant Range Sonar Operable: When the slant

range sonar 1s operating properly, the trail can be
computed using the following eguation from Chapter

4 (Figure 4-5}.

T = x1 + x2 + X

where X = rs2 - dsz yields:

T = x1 + X2 + rsz - a2

where T = trail distance from radio antenna to
towf ish

x1 = distance from antenna to slant range sonar on
the boat

%2 = distance from CDD to towfish

rg = slant range from CDD to slant range sonar
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d = CDD depth
X = horizontal (x) distance from sonar to CDD
Without Slant Range Sonar. If the CDD slant

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) T1

d2 (mid)

T2

d3 (deep) T3

where d
T

depth
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:
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FIGURE 5-3 Trail Versus Depth Interpolation
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3
]

Ty - (4 -4dl) (T] - Ty)
(a2 - dl)

and similarly for a depth d between d2 and d3 the

expression is:
(d3 - d2)

If it is found that the wvariation in trail is
sufficiently linear with depth that only a shallow
and deep trail calculation is required (i.e. T; and

T3 only) then the expression would be:
T = Tl - (d - dl) (Tl - TB)
(d3 - d4dl)

1t 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 Strip Chart Analysis

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 78° or less than 589. This section is written on



the assumption that the recommendation that search operations
be conducted at a constant over the ground speed 1is imple-
mented. The first step is to lay out the strip charts 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
chould now take a ruler and draw a mean gradient line through
the entire length of each gamma signal if the speed has
remained constant. Where large anomalies (e.g., the sub-
marine) occur the line should continue to be extended (Figure
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. Figure 3-3 depicts
the appearance of an average target when viewed from a search
vessel passing directly over the target on a North/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 1in
Section 3.2 to represent the target strengths expected in the
search area. Actual targets will not be lying in an exact
North/South orientation, 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.
Eihe planned magnetic signature analysis work in the next phase
of the program will result in a set of typical anomaly
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 possibkle

that the operator will only see a negative response. Another
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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
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
North/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:

TITLE EXAMPLE

Name 1A (Track 1,first contact)

aAmplitude 7 (Peak positive gamma reading)

Altitude 15 (height in feet of CDD above sea bed)

Fraction 0.66 (fraction between lst and 2nd XY)

XYy 1309 875

Depth 80 (depth in feet of CDD)

Slant Range* 140 (boat transducer to CDD receiver in
meters

XoYs 1431 875

Depth 82

Slant Range* 141
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*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 (5.3.16).

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 posgition. 1If they are present it will

calculate the XY position and magnetic moment for the sus-
pected target, It will then print out:

XY,T (Targets position)

Amplitude,T (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 1f gamma responses
not plotted coincide with those that have been plotted 1in
adjacent tracks. This process will highlight anomalies of low

level intensity that may have been missed.



CHAPTER 6

FUTURE IMPROVEMENTS



6.0 conclusions and Recommendaticns for Future Improvements

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 M8S through its OPEVAL. 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. When 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 principle 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
cea trials in approximately 15 months from program authori-

zation.



6.2 Automated MSS Hardware Configuration

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 approcach 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
magnhetometer 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 Magnetometer Signal Analysis and Interpretation

The simplified block diagram of the magnetometer pro-
cessor is shown in Figure 6-1. The cesium vapor sensor,
frequency translator (NCSL FT-101), precision discriminator
(NCSL-MP-101) and strip chart recorder (MFE-1600) will remain
essentially as in the current MSS system. The separate
Freguency 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 family 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



> PTCH

I9paooay
boTeuy

pue
a1duesg

I03eUutwIADSIJ

SSHW GULYWOLOY

]

ode ped Yo3lrliog
a9339888B) Axowuspy
1eatbrqa s1agng
I23I2AU0D ;illlllJWﬂL mwmﬂmw
a/v 9Z/9186
sjusuodwo) pPSTITPOW IO M3N
B " sjusuodwo) SSH JusIIND
IOFRTSURLL oot e I931dWo3suben
‘baxa .

WYHOVYIQ MO0T79 GHIAITIWIS

1-9 @anbryg

6-3



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
jocation of ferrous objects, a scratch pad storage is neces-
sary in the CPU. Since the storage interval may be guite 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 500 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 alsoc serve as the his-
torical file tape when the MSS is utilized for magnetic

channel conditioning.

6.2.2 Ssensor Position Calculations




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

e I o B o T v » B

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

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
line acoustic position measurement system added to the slant
range sonar to directly measure sensor offset from the boat

track.

6.2.3 Interpretation of Magnetic Anomaly Data

A time and position correlated history of magnetic field
variations in the search area, are the necessary lnputs to the
interpretation algorithms. The illustrative examples 1in
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 dipeole orientation,
monopole targets, search track orientation and earths' field
orientation. The continued research in the next phase of the
magnetic search sensor program will develop a series of
signature analysis and interpretation algorithms that are
adaptable to a wide —range of MSS <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



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
he 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 Improvement

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
he 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 target. 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.



It 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-
lizing commercial class ADP equipment. Program documentation
would include the necessary data and specifications 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 MSS search rates could approach those

achievable with high resolution side scan sonar systems.
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APPENDIX B

ANOMALY HITS GROUPING,CODE IMPLEMENTATION
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