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Abstract

Small, low cost Autonomous underwater vehicles (AUVs) provide ideal
platforms for shallow water survey, as they are capable of unmanned navigation and
can be programmed to acquire data at constant depth, or constant altitude above
the seabed. AUVs can be deployed under most sea states and are unaffected by
vessel motions that often degrade sonar and magnetometer data quality. The
integration of sonar and magnetometer sensors on AUV’s is challenging, however,

due to limited payload and strong magnetic fields produced by the vehicle motor.

In this study, a Marine Magnetics Explorer Overhauser magnetometer was
mated to a portable AUV (OceanServer IverZ2) creating the first practical AUV-
deployed magnetic survey system. To eliminate magnetic interference from the
AUV, the magnetometer was tethered to the AUV with a 5 m tow cable, as
determined by static and dynamic instrument testing. The results of the magnetic
tests are presented, along with field data from a shallow water test area in Lake
Ontario near Toronto, Canada. AUV-acquired magnetic survey data were compared
directly with a conventional boat-towed magnetic survey of the same area. The AUV
magnetic data were of superior quality despite being collected in rough weather
conditions that would have made conventional survey impossible. The resulting
high-resolution total magnetic intensity and analytic signal maps clearly identify
several buried and surface ferrometallic targets that were verified in 500-kHz side-

scan sonar imaging and visual inspection by divers.
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Chapter One: Introduction

1.1 Research Problem

Magnetometers are essential geophysical tools for subsea geological mapping
and ferrometallic object search. Marine magnetometer surveys are conducted
routinely in mining and petroleum resource exploration, archaeological surveys,
and for detecting and locating pipelines and other seabed ferrometallic objects
(Schwartz and Brandenburg, 2009; Weiss et al., 2007; Hall 1966; Clausen and
Arnold, 1976; Boyce et al., 2004; Pozza et al,, 2004; Nabighian et al., 2005). Magnetic
total field and gradient surveys are also employed increasingly for detection and
clearance of seabed mines and unexploded ordnance (UX0), which require high
precision survey methods and the use of precise and accurate magnetic sensors,

with sensitivities in the picotesla range.

In conventional marine magnetometer surveys, the sensor is towed from a
surface vessel, which can present numerous difficulties when high spatial resolution
is required for detection of small targets. The towed sensor position must be
calculated with a layback correction, which results in sensor positional errors
proportional to the tow cable length. A human-piloted survey vessel may also have
difficulty maintaining a precise survey track, or constant velocity, all of which affect
the sensor’s altitude and signal response. High winds and sea states and the
presence of strong currents can also produce significant motion-induced noise and

positional errors in the magnetometer data.

Conventional shallow-water magnetic survey methods involve towing one or
multiple sensors (gradiometers) behind a surface vessel in a grid over the survey
area. The viability of surveying a particular area is a function of economics (cost of
survey vessel time and man power), environmental concerns (sea state, water
depth, wind conditions, currents), and vessel/operator restrictions (towing speed,
navigational accuracy, operator skill and fatigue). Each of these factors limit the

quality and spatial resolution of the magnetic data. By offering the potential of
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superior performance in each of these areas, AUVs offer the potential of acquiring
higher quality data at much higher resolution than previously possible, which in

turn has the potential of providing a better understanding of any survey site.

The increased resolution will benefit shallow water surveys such as used for
archaeological investigation and UXO detection and clearance, giving the ability to
detect smaller ferrometallic objects and artifacts, and resolve clusters of objects
with better precision. It will also benefit near-surface geological applications such as
fault-mapping and high-resolution mapping of shallow basement structure (Suttak,

2013).

AUV propulsion systems employ electric motors and actuators, which
generate strong magnetic fields and electromagnetic eddy currents. Magnetic and
electromagnetic interference from electrical components has been a primary
obstacle to integrating a magnetic sensor within an AUV. Several past attempts to fit
fluxgate magnetometers within AUV housings have resulted in high nT-scale total
noise levels, between 3.5-21 nT (Walker et al,, 2011; Armstrong et al., 2009; Pei and
Yeo, 2009). This in spite of the ability of fluxgate sensors to easily cancel static fields
generated by the platform, which indicates that the increased noise is due to
dynamic, electromagnetic fields generated by the AUV electrical systems. Total-field
sensors, like the one used in this study, do not have the ability to cancel platform
static fields because they do not measure the direction of the magnetic field, but
they possess superior stability and accuracy that make them more suitable for

geophysical survey.

An alternate approach, investigated in this thesis, is to tow a magnetic sensor
a short distance behind the AUV with a separation sufficient to limit inference from
the AUV thruster and other electrical components (Fig. 1). This presents technical
challenges for the design of the magnetometer and AUV but has many advantages
over conventional approaches. This thesis describes the integration of a total field

magnetometer sensor with a commercially available autonomous underwater
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vehicle (AUV). The performance of the integrated AUV-magnetometer system was
evaluated through static and field-testing at an open water site in Lake Ontario and
comparison with a conventional boat-towed magnetometer survey. The results
show that the AUV data were equivalent in accuracy to conventional boat-towed
data, and were enhanced in high spatial frequencies that are critical for
identification of small ferrous targets. Several surface targets were identified in the
AUV-collected data, and some were verified both by the simultaneously collected
side scan sonar data, and investigation by divers. The accuracy of the AUV-collected
magnetic data were evaluated using tie-line analysis, and compared to a

conventional boat-towed survey of the same area.
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Figure 1: AUV-magnetometer system consisting of OceanServer Iver2 AUV, Marine Magnetics
Explorer and tow cable system.
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2 Objectives

The overall aim of this study was to develop an integrated AUV-
magnetometer system and to evaluate its application to the detection and mapping
of seabed ferrous targets. The project involved two phases: 1) design and
development of an AUV-towed Overhauser magnetometer system (Fig. 1) and 2)
static and field-testing of the sensor platform for ferrous target detection. The

specific objectives of the thesis were:

i) to develop an integrated AUV-magnetometer system for high-resolution
seabed ferrous target search,

ii) to determine the AUV noise characteristics and develop a tow/tether
system that limits, or ideally eliminates the magnetic effects of the tow
vehicle and thrusters,

iii)  to test the capabilities of the AUV-magnetometer system for mapping of
ferrous targets in a controlled survey setting,

iv)  to evaluate potential navigation and other systematic errors in the AUV-
magnetometer system,

V) to compare the results with a conventional surface-towed Overhauser

magnetometer survey collected over the same study area.

3 Methods

3.1 AUV-magnetometer System

The AUV-magnetometer system developed in this study employed a
commercially available lightweight AUV (OceanServer Iver2) and Overhauser
marine magnetometer (Marine Magnetics Explorer)(Fig. 1). The Iver2 was
connected to the Explorer magnetometer using a 5 m tow cable designed to limit the
magnetic and electromagnetic interference from the AUV (see Section 3.2). The
magnetometer tow cable was mated to an expansion connector on the AUV that

delivered power and a bidirectional communication channel (Fig. 1).
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Communication was via RS232 at 9600 bps, a protocol already supported by the
Explorer magnetometer. The Iver2 received a firmware revision to send appropriate
control commands to the Explorer, and to parse and store the Explorer magnetic
and diagnostic data. The data were stored in the AUV in an ASCII flat file format to

facilitate downloading and post-processing of the magnetometer data.

The tow cable was attached to the Iver2’s propeller ring, which had sufficient
strength to tolerate the full weight of the Explorer in air. The Explorer was lightened
to make it neutrally buoyant in fresh water, and was equipped with swappable brass
collars to adjust its buoyancy and trim for water of differing salinity. The Explorer’s
neutral buoyancy was very important for the system to operate reliably. If the
system was operated with the Explorer negatively buoyant, it had a tendency to
prevent the Iver2 from surfacing reliably, which interfered with it obtaining a

periodic GPS lock, and thereby thoroughly disrupted its operation.

In summary, the Iver2 received firmware changes, but no mechanical
modifications. The Explorer magnetometer received mechanical changes, but its

firmware was not altered.
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3.2 Static and Field Testing

Static and dynamic tests were conducted to determine the optimum cable
length that would limit AUV interference with the magnetometer. Tests of static
magnetic fields were conducted first, with the AUV unpowered and at a test site
with low local magnetic gradients and isolated from other sources of magnetic
interference. The magnetic test sensor was positioned in a fixed location, and
continuously corrected in real time with a reference sensor to eliminate temporal
(diurnal) variation. The AUV was brought gradually closer to the test sensor, until a
significant magnetic offset was detected. The test was repeated in four different
directions, to correctly measure both the permanent and induced static fields

produced by the AUV.

Tests of the dynamic, electromagnetic fields produced by the AUV were
conducted in a similar way, but with the AUV submerged in a shallow pool, to
provide a realistic load for the AUV’s thruster, which was thought to be the largest
source of dynamic interference. For dynamic testing, the AUV was held in a fixed
position and the magnetic sensor was moved incrementally towards the AUV. At
each position, a baseline measurement was taken with the AUV unpowered, after

which the AUV was powered up and the thruster gradually engaged to full power.

Using the results of the initial tests to set parameters (such as cable length),
the AUV-magnetometer prototype was deployed in a shallow water test site in
western Lake Ontario (Fig. 2) with a smooth regional gradient, which was ideal for
testing line-to-line repeatability and accuracy. The site contains two 1 m diameter
steel pipelines that extend more than 1 km offshore. If the AUV were affecting the
magnetometer with a static influence, this would be visible as an offset (heading
effect) in adjacent lines run in opposite directions. Higher frequency interference
would appear clearly against the low background field of the area, and would result
in a reduced effectiveness at locating small ferrous anomalies. The large magnetic

linear anomalies produced by the steel pipelines were ideal targets for testing the
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positioning capabilities of the AUV, as offsets in the pipeline anomaly due to

positioning errors would be easily recognized.

Field testing of the AUV-magnetometer system was conducted over a three
day period beginning September 7th, 2012. During the first day of survey work, the
AUV was deployed from an 8.5 m powerboat at about 8 pm, after nightfall. In
conventional boat-towed surveys, low-light conditions are normally a disadvantage,
but when deploying the AUV, they proved to be an advantage. The AUV’s navigation
lights were more visible in the darkness, allowing it to be located easily whenever it
was at the surface. At that time, the surface waves were approximately 1 m in
amplitude, and winds were strong, at approximately 20 kts from the southwest. The
winds had been changing direction in the days prior to the survey causing the wave
heights and direction to be variable. These conditions would already be considered
marginal for boat-towed survey. But despite these conditions, it was easy to deploy
the AUV and magnetometer by hand. The AUV was then driven directly by radio
remote to place it about 10 m away from the deployment vessel. The towing of the
magnetometer did not adversely affect the AUV maneuverability and when at rest at
the surface the neutrally buoyant magnetometer simply floated in position at the
surface until the AUV began towing (Fig. 3). Slack in the cable was taken gradually
and with no observable difficulty to the AUV, since the drag force exerted by the

magnetometer was small.

The survey block contained 30 lines of roughly 570m, spaced at 10m, and
four 300 m tie lines, totaling about 18 line-km (Fig. 2). The survey grid was broken
up into six individual ‘missions’, which were calculated to require up to an hour
each at the AUV’s programmed speed of 2.0 kts. This was done to limit the AUV’s
untended time so that in the event of a problem, it would be easier to locate and
retrieve, and that no more than one hour’s data was at risk of being lost. This survey
design was in fact very conservative; the Iver2 has an endurance of roughly 8 hours,
and could easily have conducted the entire survey in one mission. At the end of each

hour, the AUV was programmed to return to a rendezvous point, where it was
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approached by the deployment vessel, and the data downloaded wirelessly. The
AUV was then sent immediately on its next mission with a wireless command. No

physical contact with the AUV was required between missions.

The Iver2 can be programmed to maintain a fixed altitude from the sea floor,
tracking bottom changes with a single-beam acoustic altimeter. For this survey,
because the bottom was known to be irregular and unpredictable, we chose to keep
the AUV at a fixed 3m depth below the water surface. The AUV’s altitude then varied

between 2m to 5 m over the span of the entire area.

While the AUV was executing its one-hour long missions, the deployment
vessel spent the time docked safely in the nearby marina, rather than endure the
choppy rolling weather. When the time came for a rendezvous, the vessel was
brought to within approximately 20m of the checkpoint. The Iver2’s navigation
lights were always clearly visible up to one kilometer away, so there was no fear of
impacting it. A Wi-Fi connection was used to communicate with the AUV,
downloading the previous dataset in its entirety, and instructing the AUV to
continue on its next mission. This process required 20-30 seconds. The ability to do
this quickly and with no physical contact was a great benefit to the equipment’s

safety under the rough conditions that were experienced.

The fourth mission was completed by 1:30am on September 8, at which
point wave heights were approaching 2 metres, winds had strengthened, and
frequent nearby lightning flashes were being observed. It was decided to cease
operations for the evening, even though the Iver2 was not affected by the surface
conditions and could have continued the survey. The remaining two mission blocks
were collected after the storm had passed, on September 9th, after an approximately
30-hour gap. Winds were calm and there was no significant wave activity (Fig. 3). In

these conditions, the vessel remained on-site while the AUV collected data.

10
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Figure 3: Deployment of AUV-magnetometer system at Lake Ontario test site

11
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Chapter Two will be submitted for publication in the Journal of Applied
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and manuscript preparation as required by the School of Graduate Studies policy.
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Chapter Two: High-resolution near-shore geophysical survey
using an Autonomous Underwater Vehicle (AUV) with integrated

magnetometer and side-scan sonar

Doug Hrvoic and Joe Boyce

School of Geography and Earth Sciences

McMaster University, Hamilton ON L8S 4K1 Canada
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Abstract

Autonomous underwater vehicles (AUVs) provide ideal platforms for shallow
water geophysical survey, as they are capable of unmanned navigation and can be
programmed to acquire grid surveys at constant water depth or altitude above the
seabed. AUVs can be deployed under most sea states and are unaffected by vessel
motions that can degrade sonar and magnetometer data quality. Integration of
magnetometer sensors on AUVs has been problematic due to the magnetic
interference produced by the AUV thrusters and electronics. In this study, we
evaluated an AUV-deployed magnetic survey system consisting of an Overhauser
magnetometer (Marine Magnetics Explorer) mated to a portable AUV (OceanServer
Iver2) using a tow cable. To eliminate magnetic interference from the AUV, the
magnetometer was tethered to the AUV with a 5 m tow cable, as determined by
static and dynamic instrument testing, which indicated no detectable magnetic

influence at this distance.

An AUV-magnetometer survey was collected across a shallow water test area
(17 ha) in Lake Ontario near Toronto, Canada and compared directly with the
results of a conventional boat-towed magnetic survey. The AUV magnetic data have
equivalent long-wavelength accuracy to the boat-towed data as determined by tie-
line error analysis. The AUV data were shown to have less high frequency noise, and
were able to identify a number of small ferromagnetic targets that were undetected
in the boat-towed magnetic data. The resulting high-resolution total magnetic
intensity (TMI) and analytic signal amplitude (ASA) maps clearly identify several
buried and surface ferrometallic targets that were verified in 500 kHz side-scan
sonar imaging. Two targets were verified by divers, and their surveyed locations
compared with positions calculated from ASA anomalies. The positional errors in
the estimated and true target locations were 2.2 m and 0.9 m, and were acceptable

for the 10 m survey line spacing.

14
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1 Introduction

Shallow water geophysical surveys can be a challenge using towed sensors
deployed from small vessels, particularly under rough sea states or heavy surf
conditions. Vessel accelerations produced by surface waves are transmitted to the
sensor via the tow cable and can significantly degrade the quality of sonar and
magnetic data. The use of tethered sensors in the shallow littoral zone is also
problematic where the presence of rocky shoals and other seabed obstacles present
a navigation hazard for small vessels and a risk of sensor bottom strike or cable
entanglement. Autonomous underwater vehicles (AUVs) provide an attractive
alternative to boat-towed surveys, as they are immune to surface conditions and can
be programmed to acquire survey grids at constant altitude or depth above the
seabed. Because of their stability and positional accuracy, AUVs are ideal platforms
for acquisition of side-scan and multi-beam sonar data and can yield very high

quality sonar imagery (Sibenac et al., 2004; Warren et al., 2007).

The first AUVs developed in the 1950’s (e.g. University of Washington’s
SPURV) were large, specialized underwater vehicles designed for deep
oceanographic survey and military applications (Sibenac et al., 2004). In the 1980’s
and 1990’s AUV systems (e.g. Kongsberg Hugin, ISE Thesius) were adapted for a
range of commercial applications, including oil and gas exploration, pipeline surveys
and laying of fiber optic cable. (Warren et al.,, 2007, Ferguson, 2009). These large
AUVs required specialized heavy equipment for deployment and retrieval and were
logistically difficult to maintain and operate. These factors, together with high
acquisition and operating costs, made these AUVs prohibitively expensive for most
shallow water and inshore survey applications. In the last decade, the advent of
compact, low-cost AUVs (e.g. Hydroid Remus, Teledyne Gavia and OceanServer

IverZ2) has provided new platforms that are well suited to shallow water littoral and

15
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near shore surveys. These new lightweight AUVs are multi-purpose platforms that
can be configured to carry a range of sensors tailored to the mission specifications.
Common AUV sensor payloads include various types of imaging sonars (e.g. multi-
beam, side-scan sonars) sub-bottom seismic profilers and specialized sensors for
oceanographic survey and environmental monitoring applications (e.g. conductivity,
temperature, depth - CTD). These AUV systems are manually portable and designed

to be deployed from small boats or from the shore by hand.

The integration of magnetometer sensors within compact AUVs presents a
number of technical challenges that have limited the use of AUVs as magnetic survey
platforms. All AUVs employ electric thruster motors for propulsion, which together
with electronic and ferrometallic components, produce strong magnetic and
electromagnetic eddy currents within the towbody (Miller, 2010). AUVs must also
be cleansed, where possible, of all ferrometallic components, as these can produce
strong permanent and induced magnetizations. Previous attempts to integrate total-
field magnetometers within AUVs have employed sensors carried inside the vehicle
(e.g. Steigerwalt et al,, 2013) rather than a towed sensor, as a towed sensor can
introduce hydrodynamic effects that can alter the AUV maneuverability in the water
column and degrade positional accuracy (Miller, 2010). Instead, various attempts
have been made to integrate three-axis fluxgate vector magnetometers into AUVs
but with limited success. Fluxgate sensors are convenient because the static
permanent and induced fields generated by the AUV can be compensated in
software (Munschy et al. 2005). Even with software compensation, significant
efforts are required to reduce the electromagnetic emissions from the AUV
electronics and motors, as noise levels generated by thruster motors can be
hundreds of nT. Armstrong et al. (2009) reported a compensated sensor noise floor
of 21 nT for a fluxgate magnetometer housed in an AUV, still three orders of
magnitude higher than the sensor noise of a survey-grade Overhauser
magnetometer. Pei etal. (2009) did not report a numerical noise floor, but show
plots that indicate a compensated noise level of approximately 10 nT for a fluxgate

magnetometer. Walker et al. (2011) reported lower compensated error levels
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ranging between 3.5nT and 7.24nT, which was achieved by extending the length of
the AUV and the distance between the magnetometer and the offending

components.

Few previous studies have attempted to evaluate AUV-magnetometer
systems for practical target detection. Steigerwalt et al. (2013) used a total field
magnetic sensor with a fluxgate magnetic compensator in the same principle as
systems employed for airborne magnetic survey. They produced field results over a
seeded ferromagnetic survey grid, but acknowledged there were significant issues
with platform noise and data quality. Sulzberger et al. (2009) described the
operation of an AUV-mounted fluxgate gradiometer in field conditions, but with 5-
10 nT of estimated background noise it was not sensitive enough to be competitive
with boat-towed geophysical survey using a total field magnetometer. Total field
sensors (e.g. Overhauser magnetometers) although more sensitive to static
magnetic effects from the AUV, have the advantage of greater stability and accuracy
when compared to fluxgate sensors, and this is the primary reason they are

commonly used for geophysical survey.

In this study, we report on the development of a portable AUV-
magnetometer system for high-resolution inshore shallow water (< 100 m)
geophysical survey applications. A small, commercially available AUV and
Overhauser magnetometer were integrated using a cable tether system (Fig. 1),
allowing simultaneous collection of sonar and total field magnetic data. Here we
summarize the results of static and dynamic testing of the AUV-magnetometer
system and provide a case study demonstrating its application to shallow water (<
10 m) geophysical mapping of ferrous targets in Lake Ontario, Canada. The results
show that the towed sensor does not adversely affect AUV navigation and that
magnetic interference from the AUV motors can be avoided with a properly
designed tow-cable system. The AUV-magnetometer results were compared with a
magnetic survey collected over the same area with a conventional boat-towed

sensor using an identical survey grid. The AUV-magnetometer data provided
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improved small target resolution due to the superior vehicle positioning and the
near constant velocity and altitude of the AUV-magnetometer system when
compared to the towed magnetometer survey. The AUV magnetic maps were data-
fused with high-resolution (500 kHz) side-scan swath imagery to assist in
identification of surface and buried ferrometallic targets. Our results show that the
AUV-magnetometer system provides an efficient method for rapid, high-resolution
geophysical mapping of the littoral zone for a range of geological, archaeologic and
engineering applications. The co-registered sonar and magnetic data also provide
increased confidence in the identification of and interpretation of lakebed magnetic

targets.
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Figure 1: Schematic showing integrated /ver2 AUV and Explorer Overhauser magnetometer
system. The Iver2 was equipped with a GPS, Doppler Velocity Log (DVL) and Klein 500 kHz
side-scan sonar. The Explorer magnetometer was mated to the AUV with a 5Sm towcable and
trimmed to neutral buoyancy with brass collars.

19



Master’s Thesis — D. Hrvoic; McMaster University

2 Methods

2.1 AUV-magnetometer integration

For the AUV-magnetometer integration, we employed a small commercially
available AUV (OceanServer IverZ) and Overhauser magnetometer (Marine
Magnetics Explorer). The magnetometer was mated to the AUV usinga 5 m long
cable tether system (Fig. 1) designed to limit magnetic interference while
minimizing fluid drag and hydrodynamic effects on the AUV. The Iver2 is a
lightweight (19 kg) AUV designed specifically for shallow-water coastal survey
applications. The Iver2 can be configured with a range of sensor payloads, including
side-scan and multi-beam sonars and conductivity, temperature and depth (CTD)
sensors (Fig. 1). The vehicle is one of the smallest AUVs (1.73 m length) currently
available and is easily deployed from a small vessel or from shore by hand. The
Iver2 has a standard depth rating of 100 m and endurance of 8-14 hours, depending
on payloads and battery configuration. The Iver2 in this study was equipped with a
Klein 500 kHz side-scan sonar, and employs a global positioning system (GPS) for
surface navigation and a magnetoresistive compass and a Teledyne Doppler Velocity
Log (DVL) for underwater positioning by dead-reckoning. The DVL has both
upward- and downward-looking acoustic transducers that record the vehicle’s

vertical position in the water column.

The Explorer Overhauser magnetometer was selected for its high accuracy
(0.1 nT absolute), low noise level (0.02 nT-RMS) and low power consumption (2 W)
required for AUV operations. The Explorer’s compact size (86 cm length, 6 cm
diameter) and low weight (3.8 kg) make it suitable for towing by the Iver2 and
facilitate deployment of the system from small boats. The 5 m tow cable provided
power for magnetometer and digital data transfer to the AUV using the RS232 serial
protocol. To limit drag on the AUV, the magnetometer was made neutrally buoyant
by fabricating many of its parts with lighter materials. Brass weight collars are
attached to the towfish housing to achieve neutral buoyancy and adjust its trim in

waters of differing salinities.
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2.2 Static testing

Several static magnetic tests were performed to evaluate the AUV
electromagnetic interference and permanent and induced static magnetic effects on
the magnetometer. The AUV and magnetometer were placed on non-magnetic
stands at a test site in Markham, Ontario (43.856° N and -79.354° W) with low
magnetic gradients and free from cultural magnetic noise. A single total-field
Overhauser magnetometer was used as the test sensor while a second base station
magnetometer, synchronized and placed 35 m away was used to record the
temporal variations in the Earth’s field during the test period (Fig. 3). Both

magnetometers were cycled at a constant 1 Hz sampling rate.

Unpowered tests were performed first to test the static magnetic fields
produced by the AUV housing and internal components. The test magnetometer was
placed in a fixed position 10 m from the stern of the Iver2 and the AUV was moved
toward the sensor in 1 m increments (Fig. 4). Five minutes of magnetic
measurements were recorded at each step, and averaged to determine the offset in
the static field offset at that point. The distance increments were shortened to 0.25
m as the sensor came very close to the AUV, and a magnetic effect from the vehicle
began to be observed. The same test was repeated with the magnetometer
positioned to the north, east, south, and west of the AUV to determine the effects of
induced magnetism in the AUV components, which would vary depending on the

relative direction of the Earth’s field to the AUV.

Powered tests were conducted to measure the dynamic magnetic effects of
the AUV’s electronics, actuators and thruster. The AUV was placed ina 1 m deep
freshwater pool and fixed to a heavy non-magnetic stand. The test magnetometer
was placed 10 m astern of the AUV, and moved toward it in 1 m increments, as with
the static tests (Fig. 5). Thrust was applied gradually to the AUV until it reached full

power, and then gradually reduced during the 5-minute test period.
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Figure 2: Lake Ontario test site showing survey track lines (18 line-km) and location of
submerged steel pipelines. The pipelines supply a water pumping station and reservoir located

onshore.
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2.3 Inshore geophysical survey

A survey was conducted to evaluate the AUV-magnetometer system
performance at a shallow water test site (17 ha) in Lake Ontario, in September 2012
(Fig. 2). The test site has a low regional magnetic gradient and contained a number
of known ferrometallic targets, including two 1m diameter steel pipelines that
supply the City of Toronto’s Scarborough Water Pumping Station. The water intake
pipes extend about 1 km from the shoreline and lie in water depths of 6-9 m within

the survey area (Fig. 2).

The survey block consisted of 30 lines of ~570 m length spaced at 10 m and
four perpendicular tie lines (~300 m), totaling about 18 line-km (Fig. 2). In order to
limit the AUV’s submerged runtime and risk of loss, the survey grid was divided into
six individual missions of one-hour duration with a programmed AUV speed of
~2kts. Individual survey lines were acquired in about 10 minutes, with 8 minutes of
submerged runtime and two minute surface intervals for completion of turns (Fig.
2). Underwater navigation between the survey waypoints was obtained with the

AUV’s DVL and magnetic compass and using a GPS fix during surface intervals.

This survey design was conservative; the Iver2 has an endurance of roughly
8 hours, and could easily have conducted the entire survey in single 6 hour mission.
At the end of each hour, the AUV was programmed to return to a rendezvous point,
where it was approached by the deployment vessel and the data downloaded
wirelessly. The AUV was then sent immediately on its next mission with a wireless
command. No physical contact with the AUV was required between missions. The
Iver2 can be programmed to maintain a fixed altitude from the sea floor, tracking
bottom changes with its DVL, which also functions as an altimeter by averaging the
return times of its four bottom-tracking acoustic beams. For this survey, because the
bottom was known to be irregular and unpredictable, it was decided to keep the
AUV at a fixed 3 m depth below the water surface. The AUV’s altitude above the

lakebed then varied between 2 m to 5 m over the span of the entire area.
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The Explorer magnetometer sampled at 1 Hz, providing an inline sample
interval of about 1 m. Side-scan sonar swaths were acquired simultaneously with
magnetics at 500kHz and with a 30 m range setting. With the 10 m survey line

spacing, this resulted in significant side-scan swath overlap.

A conventional boat-towed total field magnetometer survey was conducted
in July 2013 at the Lake Ontario test site using the AUV trackline pattern (Fig. 2) in
order to replicate the AUV survey as closely as possible. An Explorer Overhauser
magnetometer was towed at a distance of 30 m behind an 8.5 m powerboat at an
average depth of 2.5 m below surface. The survey was completed in about 4 hours at
an average speed of 4 kts. The magnetometer was continuously sampled at 2 Hz,
providing an inline sample spacing of ~1 m, comparable with the AUV acquired
dataset. Survey navigation was provided by survey-grade Hemisphere L1+WAAS D-
GPS located on the boat and the magnetometer position determined by layback
correction. Weather conditions during the survey were fair with moderate 10 kt

northerly winds and 0.5 m waves.

2.4 Data Processing

The magnetic data were downloaded from the Iver2 as an ASCII flat file and
imported into Geosoft Oasis Montaj™ for post-survey processing. The general
processing flow included corrections for magnetometer sensor layback (5.54 m),
diurnal variations and tine-line leveling (Green, 1983; Luyendyk, 1997). A spline-
based algorithm was used to calculate the lag-corrected position for each magnetic
field reading. Diurnal corrections were performed using magnetic basestation files
downloaded from the GSC Magnetic Observatory in Ottawa, located approximately

350 km to the northeast of the survey test area.

The leveling was performed in two steps. The first step involved statistical
leveling of the four tie lines as a group to best match the survey lines using a zeroth
order trend. In a second step, the survey lines were leveled individually to tie lines

using iterative leveling with least squares minimization of the error residuals.
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Finally, the data were gridded and visualized as two-dimensional surface plots.
Grids were created using the minimum curvature algorithm, with a grid resolution

of 2m (Briggs 1974).

In order to compare the relative error in the AUV and boat-towed data sets a
statistical analysis was conducted of the line intersection residuals obtained from
the leveling step. Significant mismatch in the total field measurements at the
intersections between tie lines and survey lines results from both systematic and
random error. Histograms were generated for the line intersection residuals before

and after leveling and standard descriptive statistics calculated.

Processing of side-scan data in Hypack™ included corrections for DVL
positional errors, slant-range and radiosity corrections to account for the across-
track variations in backscatter intensity. Slant range corrections remove distortions
in the images by mapping the sonar sample pixels to their correct horizontal range
(Cervenka and de Moustier, 1993). Following corrections, the swaths were
mosaicked to a georeferenced raster image by overlaying overlapping scans. Due to
significant overlap in the side-scan swaths, and to create consistent sonar shadows,
only the starboard channel was employed from every second line in creation of the
mosaic. The resulting sonar mosaic had a pixel resolution of 5 cm. Processing of
bathymetry data included corrections for DVL positioning and grid interpolation

using minimum curvature with 5 m grid cells.
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3 Results

3.1 Static tests

The results of static testing are shown in Figure 4. The static unpowered tests
showed that the induced and permanent magnetization of the ferrous components
in the Iver2 created a consistent magnetic anomaly, regardless of ambient magnetic
field direction. In all directions, the static influence of the AUV was detectable only
at distances less than 4 m. Overall, the static magnetic anomaly generated by the

AUV is small (< 1 nT at 2 m) and was of lower magnitude than expected.

As expected, the amplitude of the magnetic anomaly shows some variation
with orientation. If the static field produced by the AUV was purely induced by the
ambient magnetic field, one would expect to see a larger anomaly in the north and
south directions, and less in the east and west directions, since a single static dipole
is elliptical and stronger at its poles than around its equator. The strong east and
south responses, and weaker north and west responses are due to a permanent
magnetic dipole in the AUV, oriented forward, and at a significant angle to

starboard, perhaps as much as 45 degrees.

Since a significant portion of the AUV’s static magnetic effect is permanent
magnetism in the AUV components, it may be theoretically possible to reduce it by
demagnetizing individual components, excluding of course the components that
require a permanent magnetic field to function. Potential further work would

investigate the AUV components, and identify the individual sources of magnetism.
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Figure 3: Typical magnetic diurnal variation during a portion of static test.
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Figure 4: Static test results showing magnetometer response to unpowered /ver2 at varying
distances and compass orientations, showing no static anomaly at Sm.
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3.2 Powered tests

The results of the powered tests are shown in Figures 5 and 6. Operation of
the thruster was expected to produce a more or less constant offset due to
rectification of an alternating magnetic field by the ambient Earth’s field. No sign of
such an offset was detected. Instead, thruster operation appeared to produce
random, or at least AC noise in the magnetic signal, with no detectable DC

component (Fig. 5).

Figure 5 shows the results of powering the AUV motor at a distance of 3 m,
where the static magnetic influence was almost undetectable. At the test location,
the magnetic noise floor, as determined prior to the test, was about 0.03-0.05
nT/VHz (Fig. 5). Thrust was gradually increased from zero to maximum, then back
to zero again during the course of the test. The increased noise is clearly visible in
the time series, but even more apparent in the power spectrum in Figure 6. The
noise appears spread through the spectrum, but is concentrated most at low
frequencies (<0.05 Hz) where it is more than 10 times the normal noise level of the

SEensor.

The same test at a distance of 5 m showed that powered interference
dropped to undetectable levels. The spectrum of the test at 5 m in Figure 6 shows a

flat noise spectrum with a noise levels similar to the unpowered AUV.
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Figure 5: Magnetometer response to powering of the Iver2 thrusters at a distance of 3m.
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Figure 6: Noise spectral density plots for powered tests at 3m and Sm. At 5m separation, the
magnetic interference and eddy current effects of the thruster motors are negligible.
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3.3 Bathymetry and side-scan sonar

Figure 7A shows the bathymetric map of the survey area obtained from the
AUV’s acoustic altitude and depth sensors. The bathymetry map shows a low relief
lakebed topography with water depths ranging from 5 to > 9 m. The side-scan
mosaic (Fig. 7B) shows the bathymetric relief is made up of northwest-east trending
mounds and ridges formed in the lakebed clays and scattered large boulders. The
more reflective areas of higher backscatter between the ridges indicate sandy
deposits with ripples and sandwaves. Both water intake pipelines are clearly visible
in the side-scan mosaic but were not discernable in the bathymetric data, which is
too low-resolution to image these features. The western pipeline is exposed at the
surface and supported on closely spaced cement anchor blocks. The eastern
pipeline is broken into a number of sections, and buried by sandy deposits at its
southern end. A linear ridge of sediment paralleling the eastern pipe likely

represents dredge spoils produced by emplacement of the pipes.

The most obvious feature of the AUV survey (Fig. 7A) is the straightness and
consistent spacing of the tracklines. Human pilots, even experienced ones, tend to
oscillate their track back and forth across the planned survey line. The AUV, in
contrast, is capable of maintaining straight tracks with a more constant line
separation than could be obtained with a boat survey. Another advantage is that the
AUV, unlike a piloted boat, is able to maintain a relatively constant speed, and is
capable of lower velocity than a surface vessel, which is usually limited by minimum
engine speed and steerage constraints. While on-line, the AUV maintained a
constant speed of about 2.0 kts, which provided increased data resolution at no
extra cost. Even lower survey speeds are achievable with the Iver2, and would

extend the vehicle’s survey time and range on a single battery charge.
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Figure 7: A) Bathymetry map with AUV tracklines. B) 500 kHz side-scan sonar mosaic of
survey area. Mosaic produced using the starboard channel of NE-bound survey tracks to provide
consistent shading.
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3.4 Magnetic survey

Figure 8A shows the total magnetic intensity (TMI) map with corrections for
sensor lag and diurnal variation and Figure 8B the leveled TMI. The leveling
effectively eliminated the line corrugations present in the lag-corrected dataset (Fig.
9A), enhancing the resolution of the TMI image. The change in background
magnetic intensity across the study site is about 180 nT and decreasing gradually
from northwest to southeast. The twin pipelines are the most prominent feature in
the center of the map, as indicated by two high amplitude (> 450 nT) linear
magnetic anomalies (Fig 8B). The magnetic anomalies have a characteristic dipole
shape in profile (Fig. 8C) and are unequal in amplitude; the western pipeline has
maximum TMI anomaly of about 200 nT, while the eastern pipeline is >450 nT. The
pipeline anomalies in the TMI maps have a beaded appearance, which may indicate
the presence of either variable component remanent magnetization of the individual

pipe segments, or aliasing of long wavelength anomalies in the cross line direction.

A number of smaller magnetic anomalies are also visible in the leveled TMI image,
as indicated by the presence of small dipoles and point magnetic sources,
representing a scatter of ferrometallic objects. The largest of these targets isa 50 nT
anomaly located about 120 m to the west of the westernmost pipeline (Figure 8B,

C).

Figure 8D shows the 1-D analytic signal amplitude (ASA), which is the vector
sum of the along-track and vertical magnetic gradients (Roest et al., 1992). The ASA
is insensitive to the ambient field direction and remnant magnetization of the
sources. The ASA is employed widely as an interpretative tool, as it produces
maxima which are centered over the magnetic source bodies regardless of the
direction of magnetization (Fig. 8D), and is useful for locating magnetic source

bodies (Nabighian 1972; Roest et al., 1992; MacLeod et al., 1993).
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Figure 9: Boat-towed survey magnetic results. A) Total magnetic intensity (TMI) map corrected
for towfish lag and diurnal variation. Survey tow tracklines also shown. B) TMI leveled using
iterative tie-line leveling. C) TMI profile for line 7 (dashed line in B) . D) The analytic signal
amplitude (ASA) profile for line 7.
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Figure 9 shows the results of the total field survey acquired with the boat-
towed sensor. The boat tracklines are shown as an overlay on the leveled TMI map
in Figure 9B. Despite relatively calm weather conditions and low wave height on
the day of the survey, the boat-towed survey track is significantly less straight and
regular than the AUV track. There are numerous areas where the boat-towed survey
lines overlap and or leave gaps larger than the planned 10 m spacing. As a result of
the gaps in coverage some areas of the survey block are under-sampled, which
implies that the spatial resolution of the boat-towed data is likely to be inferior

when compared to the AUV data.

The overall appearance of the TMI map (Fig. 9A, B) is similar to the AUV
survey data. The pipeline anomalies are similar, and the larger point anomalies
were detected in the same positions. The magnetic profile shows a similar regional
gradient change (approximately 180 nT) with similar anomalies. The pipe
anomalies are of lower amplitude than the AUV data, which may be a result of the
slightly greater survey altitude for the boat-towed data. The AUV maintained its
depth at a constant 3 m, while the magnetometer depth for the boat towed survey
was about 2.5 m. Also, it is apparent that the boat-towed data contains higher levels
of high frequency noise than the AUV data. Close inspection of the pipe anomalies
reveals that they appear less smooth (Fig. 9C). Furthermore, the 1-D analytic signal
transformation resulted in a much nosier signal envelope, which is contaminated
with high frequency noise. The ASA transform, because it employs calculated
gradients, is very sensitive to high frequency noise in the total field input signal. The
resulting profile is not satisfactory for locating the pipe source body, unlike the AUV
ASA profile (compare Fig. 8D and 9D). The noise in the boat-towed TMI data may
have resulted from erratic sensor motion due to surface waves acting on the towing

vessel.
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Figure 10: Histograms showing residual cross-over errors before and after iterative tie-line
leveling. A) and B) AUV-magnetometer survey. C) and D) Boat-towed magnetometer survey.
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Figures 10A and 11A show histograms of the tie-line intersection errors for

the AUV and boat-towed unlevelled TMI data respectively. In both cases, the leveling

error is less than 7 nT, and the distribution of error is roughly equivalent, with

sigma slightly larger for the AUV-towed dataset, but not significantly. The most

notable difference is the non-zero mean of the AUV dataset, although the value is not

large. After tie line leveling (Figures 10B, 11B), both distributions look extremely

similar, with mean mismatch at 0, and similar standard deviations. The possible

sources of tie-line leveling errors include:

Positioning error, including altitude variation. Clearly, the measurement of
mismatch between tie lines and survey lines depends on the crossover point
being accurate. Errors in the crossover point position will result in a
mismatch error proportional to the local magnetic gradient. This concept
extends to all three dimensions, meaning the vertical position of the sensor is
also a factor.

Error due to diurnal drift. This is minimized by correction with a base station
magnetometer. Ideally, the base station should be as close as possible to the
survey area to maximize correlation between diurnal variation in the mobile
and base station data. In this case, data from a magnetic observatory was
used. The distance to the observatory (approximately 350km) reduces the
effectiveness of the base station correction by an unknown amount. One
difference between the two datasets was that the boat-towed data were all
collected within a short four-hour span. The AUV data were collected with a
30 hour gap between the northern 34 of the survey, and the southern % plus
the four tie lines. It is likely that a significant portion of the random mismatch
error is due to the distance of the base station from the survey area, and that
the nonzero mean of the AUV data is due to the large time gap between
collection of the survey data and the tie lines, resulting in a constant shift that
was not fully compensated for because of the distance of the magnetic

observatory.
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iii)  Sensor error, including interference from other instrumentation. The most
common type of magnetic sensor error is heading shift, which is a
dependence of the sensor output on the orientation of the sensor within the
Earth’s ambient magnetic field. Some magnetic sensors exhibit an inherent
heading error. The Overhauser sensor used in this study does not. But
heading shifts can occur due to the presence of magnetic material (in this
case the AUV) close to the sensor. A heading shift would appear as
alternating positive and negative tie line offsets, on successive survey lines.
This was not observed, and together with the results of the static tests, this
can eliminate the possibility of the AUV causing error that would affect tie

line mismatch.

4 Discussion

4.1 AUV positioning errors

The AUV’s positioning, both at the surface and underwater, is a critical
component of the technology and subject to a number of sources of error. AUVs do
not have access to GPS signals while submerged, and must therefore rely on other
methods. While submerged, the Iver2 switches to an internal navigation system,
using a magnetic compass to sense absolute direction of travel, and an acoustic
Doppler Velocity Log (DVL) to track its velocity. This system, also known as dead
reckoning, has a cumulative error, since it relies on integrating a directional velocity
to calculate position. This is a known error source, and it has a manufacturer’s

specification of 1% of distance travelled.

The AUV surfaces at the conclusion of each survey line to obtain a GPS
position, which resets its accumulated position error to the uncertainty of the GPS.
The end of each line, therefore, logs a distinct position ‘jump’, which is a transition
from the AUV’s internally calculated position to its true GPS position. Figure 11

shows a number of positional jumps, taking place at the ends of several survey lines.
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Each arrow shows an apparent jump in the AUV’s position as it surfaces and

switches from internal to GPS positioning.

Each of these jumps was identified, measured and plotted in Figure 12. From
this plot is clear that there are both random and systematic components to the
accumulated position error. There seems to be on average 5-6 m of error
accumulated in the direction of the survey track, in the opposite direction. Since the
errors are opposite and dependent on line direction, this is most likely due to a
small calibration error in the magnetic compass. There is also a random spread of
approximately 5m to each of the two groupings. This random spread corresponds to
the specified 1% of distance travelled positioning accuracy. Position error of this
sort is a well-known issue in AUV surveying. A common method of mitigating this
error is to measure the magnitude of each GPS-lock position jump, as has been done
here, and to use this value to recompute the positions for each data point along the
survey line. The assumption is that the position error starts at zero when the AUV

submerges, and accumulates linearly until it again surfaces.

This correction was applied to the side scan sonar data, line-by-line, and the
uncorrected and corrected data were compared in their ability to be combined into
an accurate mosaic. The corrected data showed a significant accuracy improvement
over the uncorrected data. The side scan mosaic displayed in this paper contains the

position correction described above.
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Figure 11: Example of DVL positional errors indicated by jumps in AUV end-of-line positions
(northwestern portion of survey area). The jumps (up to 12 m) are produced when the AUV
surfaces, obtains D-GPS lock and corrects the dead reckoning error accumulated while the AUV
is submerged.
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Figure 12: Scatterplot of end-of-line accumulated position errors, illustrating both random and
systematic error in the AUV’s DVL navigation.
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4.2 Target detection and diver inspection

While tie line analysis is effective at determining systematic shifts in the
dataset (i.e. low-frequency fidelity), the best way to characterize high frequency, or
broad-spectrum performance is by analyzing small spatial wavelength magnetic
anomalies within the dataset. The signals of shortest spatial wavelength are created
by small, near-surface ferrous targets. Numerous small targets were observed in the
raw TMI data but the large amplitude of the pipeline anomalies obscured many of
the smaller anomalies. To solve this problem, the leveled TMI grids were
transformed to analytic signal amplitude (ASA). This is the vector sum of the three
independent spatial gradients of the total field, which are computed by Fourier
transformation of the grid (Roest et al. 1992). Since the ASA is a derivative, it tends
to suppress long-wavelengths such as the regional gradient, and is almost
insensitive to remnant magnetization of magnetic sources. The ASA represents
magnetic signal ‘power’ and the end result is that small ferrous targets produce a
single peak above a predictable background, making them easier to detect and

interpret (Nabighian 1972).

Figure 13 shows the ASA transformations of both the AUV and boat-towed
datasets. In order to prevent the very large pipeline anomalies from overwhelming
the small targets, the dynamic range of both colour scales was limited to a maximum
of 20nT/m. This is impossible to do with raw total field data because of the
background level’s wide absolute variation. This is just one more benefit to working

with analytic signal for this application.
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Figure 13: Analytic signal amplitude plots, calculated from the leveled total field grids, showing
distribution of small near-surface magnetic targets. A) AUV survey. B) Boat-towed survey.
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The AUV data in figure 13A shows numerous small targets over a relatively
quiet background. The boat towed data in figure 13B shows the larger targets
visible in figure 13A, but appears to be missing many of the smaller targets.
Additionally, the background noise level is visibly higher in the boat-towed dataset,
in part because the grid shading vertical gain parameter is slightly increased to
compensate for the lower signal-to-noise ratio generated by the targets in the boat-

towed data.

The higher noise level and lower anomaly amplitude in the boat-towed
dataset are likely due to wave motion, irregularity in survey line spacing, and in the

sensor altitude. These factors did not impede the operation of the AUV.

4.3 Integration of magnetic and side-scan sonar data

One of the benefits of the AUV platform is the simultaneous operation of
several different, complementary sensors. This is also possible with boat-towed
survey methods, but again superior stability and position holding give the AUV a

data quality advantage.

Figure 14 shows the analytic signal grid in Figure 13A overlaid over the side
scan mosaic. The analytic signal was set to a transparency of 50% so that the detail
of the mosaic becomes clearly visible. The ASA grid is ideal for this purpose; since it
represents local magnetic signal power, the colour scale can be adjusted to highlight
anomalies only, and leave the background invisible. In Figure 14, the colour scale
was set to span from white to red, a highly contrasting colour to the mosaic’s

bronze.

Magnetic targets were picked using the analytic signal grid, and selecting
signals greater than 1nT/m. The target positions are plotted and shown in Figure

14, and their positions listed in Table 1.

48



Master’s Thesis - D. Hrvoic; McMaster University

641100 641200 641300 641400 641500

of] ' ' ' ' 1FS
S I
© @
A &
o] 18.8 o
< 17.6 ©

16.5

15.3

14.1

12.9
S 3
S 94| e
g 8.2 g
S| &8 S

46

35

23

1.1

Analytic
b= Sig. (nT/m) &
@ @
(o33 H ©
I 0
© S
< o

4839200
002658%

4839100
001658%

Scale 1:3200

50 0 50
= e — B
o o}
o (meters) w
A H H©
(32} o
<o} o
< t + - + + o
641100 641200 641300 641400 641500

Figure 14: AUV analytic signal amplitude overlaid on side-scan sonar mosaic with interpreted
ferrometallic targets (Table 1). Targets were selected based on an ASA threshold of approximate-
ly InT/m. Two of the targets were identified in the side-scan sonar mosaic while the rest appear
to be buried and not visible in the side-scan data. The water intake pipelines are clearly visible in
both datasets.
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Target ID Easting (m)  Northing (m) True x Truey Diff (m) Anomaly (nT) Description
1 641463.9 4839252.0 641466.0 4839251.5 2.2 24.0 anchor
2  641466.6 4839286.7 20.0
3 641495.1 4839323.3 15.0
4 641516.4 4839352.9 50.0
5 641489.6 4839415.8 9.6
6 6414425 4839352.3 5.5
7 641425.0 4839323.3 3.7
8 641353.3 4839440.4 10.0
9 6413424 4839396.7 9.9

10 6413194 4839403.8 7.7
11  641297.0 4839357.8 18.0
12 641255.4 4839399.9 5.5
13 641229.1 4839380.2 15.3
14 6412415 4839221.0  641240.8 4839221.5 0.9 51.0 blocks
15 641220.4 4839213.3 5.7
16  641200.7 4839198.0 5.2
17  641199.6 4839209.5 13.8
18 641081.9 4839212.8 6.7
19 641039.8 4839190.3 4.0
20 641085.7 4839266.4 1.3
21  641174.4 4839093.5 9.6
22 641131.2 4839047.5 24
23 641387.3 4839491.9 4.8

Table 1: List of magnetic targets shown in Figure 14 and their calculated positions. Targets 1 and
14 were verified by diver survey and their true positions measured using a D-GPS.
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The end result is a highly useful summary of the survey area. Bottom texture
is preserved and visible everywhere, including features as fine as sand ripples. The
magnetic target picks can be analyzed in the side scan mosaic for surface features

that may have sourced the anomalies.

Many of the magnetic targets do not have a corresponding visible feature in
the mosaic, at least not one that is immediately identifiable. This indicates that the
targets were either buried, or obscured by other surface features. Without magnetic
data (i.e. in a side scan sonar only survey), these targets would have been missed.
The co-registration and data fusion of these two complementary datasets makes a
large amount of information quickly accessible and very useful for further

investigation such as target retrieval.

Two of the largest targets (1 and 14; Fig. 14) were selected for visual
inspection by SCUBA divers. Both targets were visible in the side scan sonar and
magnetic mapping. The purpose of inspection was to determine if the calculated
positions of the targets matched their true positions, and how closely. Diving
inspections took place on October 23, 2013. Target 1 was investigated first, followed
by Target 14. The dive vessel, the same vessel as was used for AUV deployment and
boat-towed survey, was driven slowly over the calculated target position as shown
in Figure 14. When the position was crossed, a weight attached to a buoy was
thrown over the side. The boat was then anchored some 25m from the buoy, so that
the divers could enter the water. The divers swam to the buoy and followed the

buoy line to the bottom. Video was collected with a GoPro camera.

Visibility was not more than 5m, but Target 1 was found quickly. The marker
weight had fallen very close to the object, which was a large ship anchor
approximately 2m in length and partially buried. Divers deployed a Surface Marker

Buoy (SMB), attaching the end of the buoy to the object under tension.
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The divers then surfaced and held a GPS receiver directly over the SMB for a
time span of two minutes. The GPS receiver was the same unit used for the boat-
towed survey, with approximately 1m accuracy, and wireless connection to the
logging PC. Two minutes worth of data yielded probably an order of magnitude
improvement in accuracy. The process was repeated for target 14 with equivalent
results. The actual target positions are summarized in Table 1. Both targets are
positioned to well within the expected resolution of the magnetic dataset, about %2

the line spacing.

Figures 15 and 16 show close-ups of the two targets, illustrating the high
resolution obtained by the side scan mosaic. The magnetic total-field grid was
transparently overlaid over the mosaic. Each target’s position is shown with a circle,
and the target’s verified position is shown with a ‘X. In both cases, the target is
clearly visible in the side scan record. The magnetic target picks and side scan

images of each object correlate well with the verified positions in both cases.

Figure 17A shows the same total-field / side scan mosaic overlay as in
Figures 15 and 16, over the water intake pipelines, showing the close positional

correlation between the anomalies and the side scan image.
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Figure 15: A) Magnetic total field overlaid on side-scan sonar mosaic for Target #1 (steel
anchor). Circle marks the target position calculated from the ASA peak. The cross marks the
target’s true position as measured by divers. B) Underwater photo of 2 m-long steel anchor and
chain.
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Figure 16: A) Magnetic total field overlaid on side-scan sonar mosaic for Target #14 (concrete
blocks). Circle marks the target position calculated from the ASA peak. The cross marks the
target’s true position as measured by divers. B) Underwater photo of two 1 cu-m concrete blocks
and heavy steel cable seen protruding between the blocks and extending to the right.
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Figure 17: A) Total magnetic intensity map for a portion of pipelines overlaid on the side scan
mosaic. While the eastern pipeline is only sporadically visible in the mosaic, it is clearly identi-
fied by the magnetic high. The western pipeline is clearly visible in the mosaic, and was photo-
graphed by divers B) Underwater photo of 1m diameter steel pipeline and concrete anchor.
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5 Summary

This study successfully mated a total-field magnetometer with an AUV, by
performing magnetic tests on the AUV and modifying both the AUV and
magnetometer as necessary. The magnetometer was towed by the AUV using a short
5 m tow cable, which did not impede AUV operation. A high quality field dataset was
collected and compared to an equivalent dataset collected by a traditional boat-
towed magnetic sensor. This is the first successful AUV magnetic survey to use a
towed, total-field sensor. Only one other study (Steigerwalt et al. 2013) has
attempted to use a total-field sensor with an AUV, and the results were not suitable

for practical survey.

Both datasets were subjected to statistical tie line analysis and found to be
equivalent in terms of accuracy, meaning there was no accuracy penalty to using the
AUV system. Further short-wavelength analysis of the data, by transformation to
analytic signal, demonstrated that the AUV data were superior to the boat towed
data when locating and identifying small surface targets. The AUV’s magnetic and
side scan data were then fused into a single image, demonstrating its further
increased ability to detect and classify surface targets. Twenty-three such targets
were located, and two were verified by SCUBA divers, being well positioned by the

fused magnetic and side scan image.

Towing a magnetometer sensor behind an AUV provides a simple and
effective solution to the difficult problem of eliminating magnetic interference from
the AUV structure and active elements. A combination of short (5m) cable length,
neutral buoyancy, light weight and low drag resistance helped create a system
where the AUV was not mechanically disturbed by the magnetometer’s presence,

and the magnetometer could not detect the AUV at all.

The AUV’s ability to maintain consistent speed, altitude and position give it a

significant advantage in collecting high resolution magnetic data, even in rough sea
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conditions which would make traditional boat-towed surveys impossible. Moreover,
the AUV data demonstrated superior quality, particularly in high frequencies, which

are most important for small-target search.

All together, the AUV system developed and tested in this paper
demonstrated a platform capable of collecting magnetic data at much lower cost and
at equivalent speed than a boat-towed survey, in a much larger range of weather

conditions, and with better overall data quality.
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Chapter Three: Conclusions

1 Summary

This thesis demonstrated the successful operation of an AUV-borne magnetic
survey system, and showed that such a system has significant advantages over
conventional survey methods. An AUV bypasses the fuel and maintenance costs
incurred by a surface vessel, which can extend to thousands of dollars per day (Bond
2011). The AUV also has the ability to run in almost all weather conditions, which
reduces downtime, and decreases the overall cost. This study also demonstrates
that the AUV has the ability to collect superior data, through more precise
trackholding, altitude regulation, and insensitivity to environmental conditions.
Most notable was the increased resolution of the survey data when compared to
conventional methods. Because of a lower and more consistent noise floor at high

frequencies, a larger number of smaller targets were clearly identified.

This last characteristic offers the most potential benefit for AUV-based tools
as geophysical survey methods. Increased data resolution allows detection of details
and artifacts that were until now undetectable using conventional methods. Further,
although this survey tested AUV methods using conventional survey parameters (10
m line spacing, 3 m water depth), AUVs like the one used in this thesis are capable of
acquiring much higher line densities. With its current equipment, the Iver2 could
comfortably achieve 5m line spacing and 2m constant altitude, parameters that
cannot be achieved with conventional methods. With an upgraded fibre-optic
inertial navigation system (INS), 1m line spacings can be achieved. The ability to
operate with such tight parameters, and to collect such high resolution data opens
the possibility to detecting objects and features that could not previously be
detected. For example, in terrestrial archaeology, handheld magnetometers are
used to detect small cultural artifacts by collecting data at 1 m line spacings or less
(Gibson, 1986; Gaffney, 2008; Batayneh, 2011). Until now, this has not been

achievable in marine archaeological surveys. Previously studied marine
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archaeological sites (Boyce et al., 2004; Dao, 2011) could benefit from the AUV-

magnetometer system demonstrated here.

2 Limitations

The AUV-magnetometer system exhibited some limitations, which need to be
addressed and mitigated by modification of the system in future work. Position drift,
while the AUV was submerged on-line, was a significant issue that had to be
addressed, but could be corrected effectively by measuring the difference between
dead-reckoned position and GPS position when the vehicle surfaced at the end of a
line. Position drift seemed to impact the side scan sonar results more seriously than
the magnetometer data, at least with the survey line spacing chosen for the test. At
smaller line spacings, it may become a more significant problem. According to the
AUV manufacturer, the position drift observed in the test was primarily due to a
miscalibration of the on-board magnetic compass, and could be improved
significantly with recalibration to the local magnetic field declination, a process that
can be performed by the AUV operator on-site. The Iver2 AUV is can be equipped
with a fibre-optic Inertial Navigation System (INS), which improves position
accuracy by more than an order of magnitude. Such INS systems are expensive,

however, and would double the cost of the AUV.

The potential of loss of the AUV, in particular due to snagging on submerged
obstacles, is also an issue. The AUV has safety features to prevent, or at least
mitigate this issue. It is equipped with an acoustic responder, which will report its
presence to a searcher within a set range. It can also be equipped with a satellite
communication module that allows it to report its position from anywhere on Earth,

provided it can reach the water surface.
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3 Future Work and Requirements

The towed AUV-magnetometer configuration is well suited to many inshore
and open water applications but may not be suitable for surveys where operational
requirements limit the use of tow cables. One such example is where the presence of
heavy weeds, fishing nets and other bottom obstacles could produce risk of
snagging. This risk could be reduced by integrating the magnetometer sensor into
the AUV housing, rather than towing the sensor. However, integration of the sensor
within the AUV presents a number of technical challenges. Firstly, without changes
to the AUV towbody, the maximum separation that could be achieved between the
Overhauser sensor and AUV thruster motors is about one metre, and will result in

significant electromagnetic and magnetic interference.

One other method of dealing with snag hazards is the addition of obstacle
avoidance sensors to the AUV. Obstacle avoidance is currently offered on some high-
end AUVs. The manufacturer of the Iver AUV has stated that object avoidance will
become an option in mid-2014. This feature will allow the AUV to operate at lower
altitude, tracking the sea floor more closely even when significant bathymetric

variation is present.

The increased position resolution achievable by AUVs over conventional
methods creates the need for a faster sampling magnetometer sensor. The current
Overhauser sensor has a maximum sampling rate of 4Hz, which translates to one
sample every 25cm at 2kts. With conventional line spacings (10m for example) the
limitation on the final magnetic grid cell size is the line spacing. Reducing this line
spacing to 1-2m with an AUV begins to bring the across-line resolution very close to
the along-track resolution. A faster sampling magnetometer (10Hz for example)
would improve the along-track resolution of smaller, stronger anomalies that are
observable at the lower, closer altitudes achievable with an AUV. Marine Magnetics
has stated that a faster sampling Overhauser magnetometer is in development for

this purpose.
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