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Introduction

1.1 Motivation and aim of research

The ocean is the largest feature on Earth covering more than 72% of the planet. The
hydrosphere of Earth is mainly comprised of the ocean and therefore is essential to all
known lifeforms and influences climate and weather patterns. The extensive seafloor is the
base for islands and also includes the continental shelves, slopes, canyons, oceanic ridges,
trenches, fracture zones, abyssal hills and plains, volcanos and seamounts as can be seen
in Fig. 1.1.

Marine life Energy sources

Mineral resources

Earth

Fig. 1.1. Physical features of the seafloor such as seamounts, continental shelves, trenches, ridges, abyssal
plains, etc. Source: Museum of Science; Resources found on the seafloor such as Manganese crusts
Source: research cruise NT-09-02Leg2, hydrothermal vents Source: weirdwarp and marine life Source:

picture-newsletter
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The seafloor has been found to be rich in mineral deposits, marine life forms, energy
products and other valuable resources which makes its exploration significant from an
economic and scientific point of view. Exploration of the seafloor began as early as 1800s.
Surveys was initially conducted mainly to identify the nature of the seafloor, detect
features and study marine life. The first systematic deep sea exploration was carried out
by HMS Challenger from the year 1872 to 1876 which lasted for 1000 days covering 68000
nautical miles [1]. On the shipboard scientists collected hundreds of samples, hydro-graphic
measurements and specimens of marine life. They provided a first real view of the major
seafloor features such as the deep ocean basins to the world and also discovered more than
4,700 new species of marine life, including deep-sea organisms. Seafloor analysis was then
carried out mainly by dredging and collecting sediments using specially designed tools.
Depth measurements were taken by attaching a weight to a long rope and suspending
it from the ship. In order to cover larger areas and obtain higher resolution seafloor
bathymetry to detect more intricate features, in the early 20th century, new methods
for exploration were developed since the birth of the Electronics Age. In 1930s sufficiently
accurate and compact shallow water echo sounders were developed which could be mounted
on small survey crafts. Systematic surveys of the continental shelves and slopes were then
performed mainly along the northeast Pacific Ocean. Even with these sensors, the survey
times were quite significant often requiring a few tens of years to cover a substantial
area. However a fair understand of the seafloor structure was now possible because of the
bathymetry data collected from these measurements.

NA HAR DE OGSA PLASS-
OG RAD =TIL ET KVALITETSLODD

SIMRAD -

conpact (= IR

Fig. 1.2. Instruments for scanning the seafloor; Left: HMS Challenger survey Source: NOAA Photo Library,
Centre: Simrad echo sounder Source: Kongsberg Maritime AS, Right: Multi-beam swath sounding sonar
Source: Qyudos Geosurvey

To further reduce the survey times and generate accurate seafloor structures, in mid and
late 20" century, swath-sounding sonar systems were developed. A swath sounding sonar
system is one that is used to measure the depth in a line extending outwards from the sonar
transducer. These systems acquire data in a swath at right angles to the direction of motion
of the transducer head. Technologies such as side-scan sonar [2], multi-beam sonars were
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introduced which could measure seafloor bathymetry with high resolution while covering
a wider area than a single beam sonar. These instruments can be seen in the Fig. 1.2.

Fig. 1.3. Different types of underwater vehicles; Left: AUV Remus Source: Hydriod Inc., Centre: ROV
Hercules Source: Wikipedia, Right: Slocum glider Source: Teledyne Webb research

These sensors are either mounted on the bottom of a ship, towed behind or carried by
an underwater vehicle. Unmanned underwater vehicles have proven to be a useful tool for
ocean research by providing a reliable platform for acquiring valuable oceanic information
without the need of human presence in the water as seen in Fig. 1.3. The Autonomous
Underwater Vehicle technology has progressed rapidly over the past few decades to develop
long endurance AUVs with cruising capabilities [3] [4]. Cruising type AUV are usually
deployed for wide area mapping of the seafloor from altitudes of a few tens of meters and
speeds of over a meter per second using acoustic sensors having a wide swath. At these
speeds, using a lawn mower survey pattern, an AUV can cover a square kilometer area
in about fifteen hours as shown by yellow lines in Fig. 1.4. Wide area bathymetry of the
seafloor can provide a general overview of the nature of the seafloor. However, for detailed
study and analysis of seafloor resources, higher resolution bathymetry, images and physical
properties of the seafloor have to be measured.

Obtaining high resolution seafloor bathymetry or photos requires near seafloor operations
using an underwater vehicle capable of slow precision maneuvers or hovering which cannot
be performed using a cruising type AUV. Seafloor properties are usually studied by taking
samples of rocks and sediments on the seafloor and processing them in the laboratory.
In recent years, many groups have been involved in the development of in-situ sensors for
obtaining seafloor properties such as gamma radiation detectors [5], underwater microscope
for sediment grain size study [6], manganese crust measurement |7, chemical sensing [8]
etc. Some of these can be seen in the Fig. 1.5. These sensors often require close proximity
or contact with the seafloor for integrated measurements or stable contact for obtaining
reliable results. Remotely Operative Vehicles (ROV) are typically used for precision
slow speed maneuvers or hovering operations making them suitable for collecting high
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Wide area scanning altitude 10m,
swath 35m, speeds 0.5m/s
TKm x 1Kmin 17 hrs

S

High resclution scanning altitude 2m,
swath 2m, speeds 0.1m/s,
TKm x 1Kmin 58 days

Fig. 1.4. Comparison between scanning the seafloor using an sensors with different swath lengths, scanning
altitudes and speeds; Yellow line: scanning using sonar system with a wide swath, Green line: scanning
using high resolution sensor with a narrow swath

resolution bathymetry, photo-mosaics, sampling or seafloor properties from in-situ sensors.
For obtaining high resolution bathymetry or seafloor images, scanning is usually performed
from an altitude of a few meters and speeds of few centimeters per second. At such slow
speeds the vehicle would take around sixty days to scan a kilometer area of the seafloor. It
would require a substantially large amount of time to obtain high resolution data, samples
and measure seafloor properties all throughout the survey area. Since ship survey times are
limited and costs are high, it is not possible to perform such high resolution observation
in a large area. For understanding of seafloor process and marine life it is often necessary
to obtain multiple resolution data and measure seafloor properties for better analysis and
understanding as demonstrated with exploration scenario in real ocean environments.
The ocean has a complex combination of physical, chemical, biologic, and geologic
processes that sometimes result in the formation of commercially viable wide range of
minerals. Such minerals can be found around hydrothermal vents where hot chemically
rich fluids pour out of the ground and deposit. On the slopes of underwater seamounts
around the world, minerals precipitate out of the seawater to form thin crusts on rocky
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A

Camera &
Housing

Fig. 1.5. In-situ measurement sensors; Left: DORISS - Deep Ocean Raman In Situ Spectrometer Source:
MBARI, Centre: Underwater microscope for measuring spatial and temporal changes in bed-sediment
grain size Source: U.S. Geological Survey, Right: Gamma ray spectrometer measuring full gamma spectrum
Source: Institute of Industrial Science, The University of Tokyo

surfaces also known as ferromanganese crusts. These are found to be rich in iron and
manganese and smaller amounts of cobalt. Manganese nodules are also found along some
parts of this region which are rock concretions formed of concentric layers of iron and
manganese hydroxides around a core. These minerals have high economic value with a
possibility for mining for which their volumes and concentrations need to be measured
to estimate profitability. Underwater seamounts are spread over hundreds of kilometers
with resources scattered all throughout [9]. Bathymetry maps of these seamounts can be
generated with the use of an AUV using an acoustic sonar with a wide swath by scanning at
a high speed. However, to estimate the volume of manganese crusts it is necessary obtain
thickness measurements from a specialized sensors. Since manganese nodules are of the
order of a few centimeters, high resolution bathymetry and photo-mosaics also needs to
be generated for their observation. These sensors require scanning from a low altitude and
slow speed. Furthermore, to measure the concentrations of the mineral deposits, chemical
measurements have to be taken which require contact with the seafloor. Since it is time
consuming to obtain high resolution bathymetry and mineral properties, it is difficult to
cover a wide area in limited ship time and perform analysis. Usually straight line transects
are performed from a low altitude to survey unexplored area. An overview of such a survey
can be see in Fig. 1.6.

Deep sea life with no access to sunlight depends strongly on the nutrients from the
hydrothermal vents or seepage around which they establish colonies. Although life is
very sparse at these depths, black smoker chimneys are the centers of entire ecosystems.
Along with bacteria, more complex life forms, such as clams, tube-worms and crabs are
also observed around these vents. The hydrothermal vents are therefore of significant
importance for understand the origin of marine life. Hydrothermal vent fields are spread
over wide areas and individual chimneys can be separated by tens of kilometers. By
generating bathymetry from wide swath acoustic sensors using high speeds, the location
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Fig. 1.6. Multi-resolution surveys required for measuring concentrations and thickness of mineral resources
in areas with Ferromanganese crusts

of these vents can be identified [10]. To understand the marine life around these chimneys,
high resolution bathymetry and color images have to be generated around these vents.
Information from chemical sensors can also provide valuable information about their
evolution. Obtaining such data is a time consuming operation and ROVs with suitable
sensors are deployed at individual chimneys for performing operations. This limits the
area to be covered substantially. Fig. 1.7 gives an overview of the multi-resolution surveys
required to study hydrothermal vents.

Seafloor surveys become essential during disaster situations such as radiation leakage
into the Ocean during the Fukushima No.1 nuclear plant incidence as see in Fig. 1.8. Nearly
0.5x10% Bq of ¥7Cs was leaked into the ocean after the nuclear accident following the
Great East Japan Earthquake [11]. To understand the effects of radiation and its relation
to seafloor bathymetry, wide area bathymetry has been generated using multi-beam sonar
system. The radiation measurements are conducted using a towed system which is dragged
from a boat on the seafloor along straight line transects [12]. The system consists of a
gamma scintillator housed in a pressure cylinder and enclosed in a rubber hose called
Radiometric Environment Survey and Quantification hose, or RESQ hose. From the data
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Fig. 1.7. Multi-resolution surveys required for observation and study of marine life and seafloor
composition in areas around hydrothermal vents

collected it is evident that radiation hotspots have been observed at several location along
the survey area with seafloor features such as artificial reefs. For further analysis of these
areas, detailed high resolution bathymetry has to be generated along with seafloor images.
Radiation measurements also need to be obtained around these features which cannot
be performed by a towed system. A ROV mounted with a gamma scintillator detector
and camera for generating photo mosaics can be used to obtain such data by precise
manoeuvring. In areas free of complex structures, this is a very effective technique to
study the hotspots. However in areas such as fishing reefs, the chances of the ROV tether
getting entangled and severed are high which makes it unsafe for operation.

From the above seafloor exploration scenarios, it can be seen that it is difficult to obtain
high resolution bathymetry, images and measure seafloor properties from the seafloor in a
wide survey area. Most surveys are conducted by generating a wide bathymetry map of the
survey area and manually identifying features where higher resolution data can be obtained.
Within the wide survey areas, the regions where mode details need to be obtained are small
and based on the seafloor properties being measured by the sensor. In the proposed method,
an AUV at first scans the seafloor in the survey area using an acoustic sensor with a wide
swath from a high altitude and fast speed to generate bathymetry with centimeter order
resolution. This bathymetry data is then automatically analyzed in smaller sections by an
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Artificial Reefs

Fukushima, Japan Radiation: Gamma sensor Ship survey: RESQ Hose

Fig. 1.8. Radiation measurement around man-made artificial reefs in waters around the Fukushima nuclear
power plant No.1

algorithm to identify suitable areas for high resolution scanning based on the survey interest
provided as survey rules. At these locations, higher resolution millimeter order bathymetry
is then generated by scanning from a lower altitude and slow speed using a laser profiling
system. Autonomous landing is also performed at some of these locations depending on
the survey interest to obtain data from the seafloor using payload sensor. In this way, a
multi-resolution map of the area can be generated efficiently and in a less period of time
as compared to scanning the entire survey area with high resolution. By using a different
payload sensor and modifying the survey rules depending upon the seafloor property being
measured, the same vehicle can be used to perform surveys such as chemical plume tracing,
radiation measurements around man-made structures and seafloor features, photo-mosaic
underwater structures etc.

1.2 Background research on the subject

Most underwater surveys are carried out by pre-mission path planning to navigate the
entire survey area under interest. Efficient path planning methods have been previously
researched by various groups [13]. The survey path is only modified in case of obstacles
found in the planned path or to navigate throughout ocean currents. Algorithms for efficient
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re-path planning in presence of obstacles have also been developed previously [14]|. During
such surveys, the collected seafloor observation data is stored inside the vehicle and not
used for real-time analysis. Pre-mission planned paths, such as lawn-mover patterns, can be
effective for wide area scanning using acoustic sensors to generate an overall bathymetry
of the area or high resolution scanning over a small survey site for collecting detailed
information. It is not efficient when covering a wide area while trying to acquire high
resolution bathymetry and measuring seafloor properties by landing at the same time due
to limited ship times and costs.

Previous work has been done on adapting the vehicle route during surveys by analyzing
the collected data in real-time. One such research is for sonar equipped vehicles to modify
their planned path for adapting the AUV route to prevent portions of the mission area from
being either characterized by poor image quality or obscured by shadows caused by sand
ripples [15]. Simulations have carried tried out to demonstrate multiple AUV surveys [16]
by analyzing the data collected in real-time to avoid sampling the sub-regions already
explored [17]. Algorithms for analyzing the scanned bathymetry point cloud and detecting
regions with poor mesh resolution for path planning have been previously developed. [18].
Although the data collected is analyzed and used for vehicle path planning in real-time,
it is not used for adapting between scanning resolutions. Furthermore, the property of the
seafloor measured does not influence the path-planning process.

Adaptive path planning based on the seafloor property measured has also been tried
before. One work involves simulating adaptive path planning for bathymetry contour
tracking using an AUV with downward looking altimeter and evaluating the expected
utility [19]. Work has also been done for chemical feature tracking and localization using
an AUV for processing the concentration levels measured by the sensor in real-time [20].
Chemical plume tracing by measuring the concentrations to locate the source have been
demonstrated as well [21]. Simulations have also been performed to demonstrate the
adaptive sampling technique by identifying locations of additional ocean measurements
that would be most useful to collect [22]. Tracking based on the observed data features
has also been performed [23]. In most cases only concentration of measurements previously
collected are utilized in adapting the path, the features detected on the seafloor and their
relationship to the parameters to be measured is not considered.

Algorithms for terrain classification and segmentation have been previously developed
for sonar as well as image data [24| [25]. FFT based algorithms have been used for
segmentation of objects on the seafloor mainly at archeological sites [26] [27]|. Estimating
seafloor properties and benthic classification based on sonar backscatter and reflection
intensities have been studied by various groups [27]. Feature detection based on acoustic
data has been demonstrated [28] [29]. Classification is mainly done to determine the nature
of seafloor and its material characters. Not much application has been based on identifying
the attributes of the features. Also most algorithms require substantial computation time
and large processing power making them difficult to implement for real-time applications
in underwater vehicles. Also use of the terrain classification information and its use
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in adapting the survey based on the interest and sensor requirements has not been
demonstrated.

Navigation of underwater vehicles by analyzing the scanned bathymetry in real-time has
previously been demonstrated [30]. Feature matching has been performed for localization
and accurate positioning of the vehicle using particle filter on profiling sonar data
data [31] [32]. Similar algorithms have also been simulated for side-scan data [33]. However,
features are not used for adapting the scanning resolutions and their relationship to the
payload sensor and the seafloor property being measured are not considered. Bathymetry
analysis is not performed for detecting high resolution scanning areas or performing landing
at relevant locations. The use of sensor information and seafloor parameters measured
in decision making for adapting the scanning resolution has not been implemented in a
autonomous underwater vehicle.

The proposed research also allows the vehicle to land on the seafloor for obtaining
measurements. Extensive work has been previously done for automatic landing of aerial
vehicle [34]. Landing controllers for unmanned vehicles based on Fuzzy logic have been
simulated [35]. Work has also been demonstrated on camera based landing with reinforced
learning [36]. Autonomous landing of underwater vehicles on the seafloor has not been
significantly explored. Experiments for seafloor landing have been performed by developing
a control system for landing using variable buoyancy [37] [38]. Dynamics for seafloor landing
have been studied and models have been developed [39]. Theoretical concept for use of
camera [40] for detecting obstacles during landing has been proposed. Autonomous landing
on the seafloor by detecting obstacles from high resolution scanned bathymetry has not
been demonstrated before and performed for the first time in this study.

1.3 Research objectives

This research aims at developing a new survey method for allowing an autonomous
underwater vehicle to cover a wide survey area while obtaining high resolution data at
certain areas of interest in a single dive. The research aims to allow AUVs to change
scanning resolutions and sensors based on the seafloor property being measured and sensor
requirements. This will enable the use of AUVs in complex seafloor scenarios. As seen from
the previous section, due to scanning speeds and sensor resolutions, it is difficult for a
vehicle to obtain high resolution bathymetry and measure seafloor properties after landing
while covering a wide survey area in a limited ship time.

To provide a solution to this problem, this study proposes to develop a survey method
and hardware capable of intelligently adapting between scanning resolution in real-time
based on the ocean properties being measured and the survey interest. For the vehicle to
make appropriate decisions, it is necessary to detect the seafloor features from the scanned
bathymetry data. Since the computational power on-board an underwater vehicle is usually
limited, algorithms developed for detecting these features and making intelligent decisions
need to be efficient and simple. This research shows the theoretical development of the
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intelligent decision making technique and its practical implementation on an underwater
robot.

To demonstrate the survey system, a vehicle suitable for high speed scanning as well as
low precision manoeuvring has to be designed. For measuring properties of the seafloor
using in-situ sensors, the research aims to develop a platform capable of performing
autonomous landing on the seafloor. As seafloor can be bumpy, it is not safe for an
underwater vehicle to land arbitrarily. When using ROVs for seafloor observation, vehicle
landing is performed by a human operator using visual and sonar feedback. Automatic
landing is a more complex operation and requires detection of obstacles on the seafloor and
suitable flat area. For making this process automatic, a sensing technology with sufficient
resolution along with an landing algorithm has to be developed which can perform safe
landing. Since the data has to be collected from the seafloor, it is important not to disturb
the underlying sand and sediments while performing autonomous landing. These points
need to be considered while designing the vehicle to perform the survey.

1.4 Organization of thesis

The thesis is organized into eight chapters which includes this introduction. The chapters
cover in detail the theoretical aspects of the proposed intelligent multi-resolution survey
method as well as its implementation using a developed autonomous underwater vehicle.
The manuscript also includes three Appendices to provide additional support to the
chapters containing multi-resolution scanning hardware and vehicle development.

In Chapter 2 of the manuscript, the proposed method is described in detail with
elaborate sections on each stage of the method. The concept of survey rules is explained
along with an overview of the data processing algorithms required at each stage. Assumptions
required for the method to work effectively and requirements for an underwater vehicle to
performs such surveys are also mentioned. The applications of the method to real-world
scenarios are shown with illustrations.

Chapter 3 explains the wide area scanning stage of the survey method in detail. Details
are provided on the sensor initialization, assumptions and considerations for wide area
scanning. Details of the hardware used for data collection are provided along with sensor
specifications. The data processing techniques to generate bathymetry and filtering outliers
are illustrated. The algorithm for seafloor feature identification and classification using this
data is described in detail. The method for intelligently selecting an area for high resolution
scanning based on the features detected and the survey rules is elaborated in detail along
with necessary mathematical equations. The chapter also explains the automatic waypoint
generation for covering the selected for high resolution scanning efficiently.

Chapter 4 continues over from the previous chapter and discusses in detail the method
for high resolution scanning of the seafloor and automatic landing. The hardware used
for obtaining the data is described and the processing techniques for generating high
resolution bathymetry and removing outliers are explained. The algorithms for analyzing
this bathymetry for detecting features and extracting their attributes are described and
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corresponding mathematical equations are mentioned. The process of decision making for
selecting the landing sites based on survey rules is explained with illustrations.

Chapter 5 gives details on the development of the landing vehicle which is used for
demonstrating the proposed survey technique. The design considerations for the vehicle
have been discussed. Specifications of the vehicle and the scanning sensors have been
provided. The vehicle electronics architecture has been explained along with the basic
software architecture and the control system. Details on implementation of the software
for performing the proposed method have been provided along with its integration into the
vehicles core software. The different modes of operation of the vehicle have been shown
which are required to carry out the survey.

Chapter 6 describes the experimental procedures used to evaluate the proposed method.
Initial sections of the chapter provide details on the individual experiments used to
test the vehicle hardware, wide area scanning and high resolution scanning systems and
algorithms. The experimental setup used is described and the results obtained are analyzed
to evaluate the performance of the individual systems. The later part of the Chapter
describes the assumptions and test objectives for evaluating the overall survey method
proposed. Experiments are conducted in a tank environment at the Chiba experimental
station with the IIS, University of Tokyo to test the decision making capability of the
vehicle and computation speeds of the algorithms. The setup used and the scenarios made
for the experiments are explained in detail. The results obtained from these experiments
are also analyzed to evaluate the proposed method. The algorithm are evaluated for their
intelligence based on the decisions made by the vehicle under different scenario. They are
also evaluated for their accuracy and computation time.

Chapter 7 provides observations concerting the efficiency and accuracy of the proposed
method for generating multi-resolution maps. The parameters affecting the performance
of the algorithms and their effects are also analyzed. The vehicle hardware and software
performance is analyzed in terms of adaptation to real ocean environments and scenarios.

Chapter 8 provides conclusion to the research and offers suggestions for future works and
advancements that can be made to this research. This chapter is followed by the references
used in this thesis as a support for arguments and discussions. The manuscript has
Appendix A which provides further details on the wide area and high resolution scanning
sensors and the bathymetry generation process. Appendix B provides CAD mechanical
diagrams of the vehicle along with essential electronic circuits. Finally, Appendix C gives
the format specifications of the vehicle initialization file and the survey rule file used for
decision making and analysis. Examples of these files used during the experiments are also
provided.
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Proposed survey method

This chapter explains in detail the method proposed in this research for wide area high
resolution scanning of the seafloor by intelligently adapting the scanning resolution. Initial
section of the chapter gives an overview of the method and describes the various stages
involved in performing the survey briefly. The assumption and conditions considered for the
method to perform successfully have been elaborated. The specifications and requirements
of an underwater vehicle capable of performing such a survey have also been discussed.
Finally the practical applications where this method can be used in some of the scenarios
described in chapter 1 have been illustrated. The following chapters thereafter describe
the different stages in detail and provide an introduction to the algorithms developed for
performing decision making and analysis.

2.1 Overview of the method

The proposed method involves the generation of wide area maps of the seafloor with high
resolution data and seafloor properties measured at intermediate locations. The locations
for high resolution data collection are automatically decided based on the interest of the
survey and the property measured by the sensor after landing. The first stage of the survey
involves scanning a suitable patch of the seafloor using an acoustic sensor with a wide
swath such as a multi-beam sonar or a side-scan sonar. A vehicle is provided waypoint
coordinates and safe operational area of the survey area within which the multi-resolution
map has to be generated. The vehicle is prohibited from scanning outside the limits of the
safe operational area. Scanning speeds and altitudes for wide area survey are also provided
to the vehicle before the start of the survey.

Fig. 2.1 provides an overview of the wide area scanning stage of the proposed method.
The vehicle first scans the region between the waypoints in small sections. Scanning altitude
is typically set such that the resolution obtained in the horizontal direction is between
15cm-20cm. Altitude of about 10m or more is usually set for obtaining sufficient resolution.
To obtain a similar resolution in the forward direction and a uniform footprint on the
ground, the speed of the vehicle is usually set at about 0.5m/s. The length of the seafloor
sections is usually kept to a few tens of meters at a time. This is done to prevent excessive
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processing time and having the vehicle to traverse a long distances backward for high
resolution scanning.

Once a suitable section of the seafloor has been scanned, three dimensional bathymetry
is generated from the sonar data which has a resolution of a few tens of centimetres. This
bathymetry data is then provided as an into to the algorithm which identifies seafloor
features, slopes and roughness to segment the area into sections. A survey rule file is also
provided to the vehicle which is a custom file providing information about the features to be
identified where higher resolution bathymetry and seafloor properties have to be measured.
Based on the survey rules and the features identified, the area for high resolution scanning
where properties of the seafloor have to be measured after landing is selected. An algorithm
then generates waypoints to cover the selected area effectively and efficiently. Finally high
resolution scanning is performed at these area where properties of the seafloor have to be
measured either by landing or slow speed navigation.

Scan area between waypoints with
acoustic sensor. Scanning altitude
10m, swath 35m, speeds 0.5m/s to|
generate wide area bathymetry '

T
.........
st
Ty

Algorithm for feature, slope and roughness
detection on the scanned bathymetry

i Algorithm to perform data fusion
based on survey rules to find the

Survey ruls file > . most suitable area for high
l resolution scanning

Algorithm to generate
waypoints to scan the
selected area efficiently

Fig. 2.1. Overview of the wide area scanning stage of the method using an AUV
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After the waypoints for high resolution scanning within the survey area have been
generated by the algorithm, the vehicle scans the area between the waypoints with slower
speed and lower altitude. Fig. 2.2 provides an overview of the high resolution scanning
stage. The scanning altitude and speeds for high resolution scanning are also provided to
the vehicle before the start of the survey. Scanning sensors such as light sectioning based
laser profiling system or stereo camera system are used for generating millimeter resolution
bathymetry of the seafloor. The scanning altitude is set such that the resolution obtained
across track is about 5mm-8mm. Typically for laser profiling system with camera resolution
of 640x480, the scanning altitude is set to about 2.5m. In order to have a similar resolution
in the forward direction and a uniform footprint, the forward scanning speed is set to about
0.1m/s. After scanning the entire selected area, high resolution bathymetry is generated.

Scan selected area with high
resolution with  scanning altitude
2m, swath 2m, speeds 0.1m/s to
generate high resolution bathymetry

Detect flat areas suitable for landing Detect features in scanned area

Algorithm to perform data fusion

Survey rule file B —— . based on survey rules to find the

most suitable spot for seafloor
observation

Fig. 2.2. Overview of the high resolution scanning stage of the method using an AUV with landing and
slow speed navigation capabilities
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This bathymetry is then analyzed in two separate ways to extract parameters from
the scanned bathymetry. An algorithm first detects flat areas in the scanned bathymetry
which are suitable for the size of the vehicle to land safely. A second algorithm detects
features in the scanned high resolution data and measures their attributes such as shape,
size, orientation, location and other parameters based on shape. Survey rules are provided
to the vehicle which indicate the actions to be taken by the vehicle based on the features
identified in the bathymetry. Based on the survey rules and the features and flat landing
areas are detected, the landing points or navigation waypoints for performing seafloor
observation are selected.

A landing algorithm generates the appropriate landing coordinate and heading for the
vehicle. The survey rules might at times require the vehicle to detect additional landing
spots. This is usually the case when seafloor properties measurements have to be compared
between two areas with features. In case the landing spots have to be detected in areas
not scanned previously, the algorithm generates new waypoints for the vehicle to scan a
small region with high resolution. The newly scanned area is fused with the previously
scanned area and new landing coordinates are generated using the landing algorithm. In
case seafloor observation has to be performed by slow speed navigation, a path is generated
for navigation with the right scanning heading.

2.2 Requirements and assumptions

The method requires the detection of features in the scanned bathymetry for making
decisions. To be able to detect features in the acoustically scanned wide area bathymetry
data, the collected data should have a minimum resolution of 20cmx20cm. At lower
resolution it may not be possible to detect small features such as hydrothermal vents
and rocky areas correctly. For high-resolution data analysis, the sensor should be capable
of data acquisition with a resolution of about 8mmx8mm or lesser. High resolution is
required for detecting the feature attributes accurately for making decisions. The algorithm
for detecting the landing sites also utilizes this data. Since the size of the objects that can
be detected on the seafloor for safe landing depends on the resolution of the data, it is
important that the scanning resolution is high.

For an underwater vehicle to generate wide area maps, it should be able to perform
high speed cruising. At the same time for generating high resolution maps and precision
landing on the seafloor, the vehicle should be able to hover and perform slow speed
maneuvers. For this a hybrid vehicle design and shape are essential. Since data has to
be processed in real-time, the vehicle should have sufficient computational power with
preferably more than one main computers. During data processing, it is required that the
vehicle performs hovering and maintains its horizontal position. It is essential to have the
data processing time and the computational time of the algorithms to be kept at a minimum
to prevent substantial drift in the vehicle navigation sensors. It is assumed that during short
processing, the drift in sensors is negligible and does not contribute substantially to the
vehicle position error. For this reason, it is not possible to process large bathymetry areas at
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the same time and the area has to be divided into smaller sections for processing. Since the
main aim is to obtain reliable seafloor properties using in-situ sensors, the vehicle should
be able to provide a stable footing for the sensor after landing. A vibration-free platform
is essential for obtaining data such as microscopic images, integrated measurements using
breakdown spectroscopy LIBS system etc. The vehicle should also prevent disturbing the
underlying sediments and sand while landing before performing seafloor observations.

2.3 Application to real world scenarios

Radiation measurement: The proposed survey method can be easily applied to real
world scenarios as describes in this section. One of the suitable applications of the method
is to study the 137Cs that was leaked into the ocean after the nuclear accident following
the Great East Japan Earthquake. Currently measurements are conducted using a towed
system which is dragged by a boat on the seafloor along straight line transects. The system
consists of a gamma scintillator housed in a pressure vessel and enclosed in a rubber hose.
From the data collected it is evident that radiation hotspots have been observed at several
location along the survey area [41]. These hotspots have specially been observed in areas
with seafloor features, man-made as well as natural. For further analysis of these areas,
detailed high resolution observation is essential which cannot be performed by a towed
system. Furthermore, it may not be possible to obtain measurements using the towed
system at man made structures such as artificial reefs due to possible damages caused by
the structure sensors.

Ny

Fig. 2.3. Artificial reefs seen in a wide area side scan image taken in the waters around Fukushima
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A ROV mounted with a gamma scintillator detector and camera for generating photo
mosaics can be used to obtain such data by precise manoeuvring. In areas free of complex
structures, this is a very effective technique to study the hotspots. However in areas such
as fishing reefs, the chances of the ROV tether getting entangled and severed are high
which makes the operation unsafe. Fishing reefs are effective in promoting marine life in
areas which have generally featureless bottom. Reefs tend to increase fish yields and is an
effective way for developing fishing areas.
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survey using an AUV Wide area scan from high altitude and fast

speed to generate a wide area map

Bathymetry analysis to automatically identify
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Perform radiation measurements along all
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Fig. 2.4. Autonomous radiation measurements around artificial reefs; Observations made such as the types
and quantities of fish measured and the radiation levels measured on all sides of the reefs
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Artificial reefs are present in the vicinity of Fukushima and are likely to accumulate
radioactive substances. Since these fish are caught for consumed, it can create a major
health issue. As a result it is essential to observe these areas in detail and measure the
radiation concentration levels around them. Along with this, it is essential to identify the
species of fish and their population by scanning a large volume. The proposed method
can be implemented on an AUV to perform the survey autonomously. The reefs under
consideration are spread over a wide area as can be seen from the side scan image in the
Fig. 2.3

The autonomous underwater vehicle can perform a wide area scan automatically in the
survey area to generate bathymetry from a fast speed and high altitude scanning. This
bathymetry can be then automatically analyzed to identify the location of features with
similar shapes as the reefs. The vehicle can then select areas for high resolution scanning
based on the location of the identified reefs and new waypoints will be generated as seen in
Fig.2.4. The selected area with the reefs will be scanned with high resolution. Data from the
camera will be used to generate photo mosaics of the area around the reefs automatically.
The high resolution bathymetry will be generated around the reefs which will be analyzed
by the algorithm. The algorithm will detect the reef as the featuring estimating its shape,
size and other attributes. The landing areas will also be identifies. From the survey rules,
the vehicle will decide to perform landing on all four sides of the reef to measure radiation
levels. The landing algorithm will then process the scanned bathymetry to generate landing
points and headings on all four sides for observation of seafloor properties. The radiation
levels measured on all the sides can then be compared as a bar chart. The type of fish
detected and their quantities can also be analyzed.

Mineral exploration: The method can also be easily applied for other seafloor exploration
scenarios such as exploration of mineral resources at ferromanganese crusts seamounts.
Exploration for mineral resources is essential for economic progress of nations. It is
necessary to measure their volumes and concentrations. Underwater sea-mounts are spread
over hundreds of kilometers and mineral resources are scattered. Long slabs of manganese
crusts have been observed along the outer edges of these seamounts as can be seen in the
Fig. 2.5. Bathymetry maps of these seamounts can be generated with the use of an AUV
using an acoustic sonar with a wide swath by scanning at a high speed.

However, to estimate the volume of manganese crusts it is necessary obtain thickness
measurements. These in-situ thickness measurements are possible today by the use of
an acoustic probe by scanning from a low altitude and slow speed. Also to study
manganese nodules, and estimate their quantity, it is necessary to generate high resolution
bathymetry and photo-mosaics which also require scanning from a low altitude and slow
speed. Furthermore, to measure the concentrations of the mineral deposits, chemical
measurements have to be taken which require contact with the seafloor. Since it is time
consuming to obtain high resolution bathymetry and mineral properties, it is difficult to
cover a wide area in limited ship time and perform analysis. The proposed method can be
used to perform such surveys autonomously by using the appropriate sensors and setting
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Fig. 2.5. Slabs of Ferromanganese crusts observed at the Takuyo seamount during the research cruise
NT-09-02Leg2

up right survey rules. The rules can be designed to identify flat slab like features or nodules
from acoustic bathymetry. At such flat areas and features, the vehicle can generate new
waypoints for scanning with higher resolution to scan the bathymetry in detail. The vehicle
can then perform landing at one or more locations along the slabs to measure concentrations
and get thickness measurements. The vehicle can land on the top and bottom areas of the
slabs for comparing measurement and concentration results.

Hydrothermal vent exploration: Application of this method can be easily extended
to the study of hydrothermal vents for mineral resources and marine life exploration.
Hydrothermal vents are the source of energy and nutrients for marine life which rarely
receive energy from the sun. These vents are spread over hundreds of kilometers and can
be easily detected using a multi-beam sonar. To understand them thoroughly and study
the mineral and marine life, it is necessary to obtain high resolution information from
a close proximity of the vents. The proposed method can be adapted to surveying such
hydrothermal vent fields automatically. The vehicle can be made to scan a wide area
automatically to detect features similar in shape to vents. This can be done using the rule
file. Once the feature is detected, the vehicle can scan the area around the hydrothermal
vents to generate high resolution bathymetry. This can then be analyzed to detect the
vent features in high resolution and generate a three dimensional model by scanning from
all directions around the chimney automatically. Also landing can be performed at one or
more locations on the side of the vents to measure chemical compositions. Photographs can
be taken by slow speed navigation around the vents to document marine life. The vehicle
can be made to perform this survey by modifying the survey rules to detect hydrothermal
vent like features and performing appropriate action. By performing such a survey, a wide
area map of the survey region can be automatically generated showing the location of the
chimneys with high resolution images and chemical data obtained around the vents.
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Fig. 2.6. Autonomous observations around hydrothermal vents by landing or slow speed navigation; Black
line: observation track around the hydrothermal vent

2.4 Survey rules

The main objective of the survey is to be able to obtain seafloor properties efficiently over a
wide area either by landing or by detailed high resolution observation. For this purpose, we
consider a sensor driven approach to select the landing areas based on the features detected
in the bathymetry. In an area where high resolution bathymetry is available, the landing
points have to be decided which are most suited for the sensor carried by the vehicle.
At these locations, seafloor observation can be performed after autonomous landing based
on the attributes of the features. Some sensors may not require landing on the seafloor
for data collection and observation. In such cases, the survey might require the vehicle to
perform slow speed manoeuvring around specific features on the seafloor. For this purpose
the survey rules exploits the known relationships between the seafloor features and the
seafloor properties being measures. The rule dictate the features to be selected and the
action to be taken by the vehicle when specific features are observed. The rules of the
survey are defined in a custom format in the survey rule file. This file is provided to the
vehicle before the start of the survey along with the initialization file. The rules define the
behavior of the vehicle and the multi-resolution map generated during the survey. Details
on the format of the file and its structure are provided as Appendix C at the end of the
manuscript.
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Wide area scanning

This chapter provide details on the wide area acoustic scanning stage of the proposed survey
method. The acoustic sensors required for scanning the seafloor and their requirements are
described. The method of seafloor scanning using these sensor is described. The decision
making process to select high resolution scanning area based on the features detected
is descried with illustrations. The purpose of the rule file in has been explained and its
involvement in the decision making process is mentioned. Details of the feature detection
algorithm are provided with further information on the techniques used during each step of
the algorithm. The waypoint generation algorithm for scanning the selected area with high
resolution was developed and explained with the help of examples and sample scenario.
This chapter is also supported by the Appendix A which provides detailed information
on the scanning sensor used for this research and the bathymetry generation and meshing
techniques.

3.1 Wide area scanning process

This section describes the scanning process for acquiring wire area acoustic data in the
survey area. The waypoints for wide area acoustic scanning are provided to the vehicle
in the form of an initialization file. The file provides these waypoints in the earth frame
of reference as north and east coordinates and depth information. The file also mentions
the limits of survey area which are safe for the vehicle to operate as a bounding box. The
initialization parameters for the sonar are also provided in the file. The parameters which
are provided include the range of operation of the sonar, the scanning altitude, the scanning
speed of the vehicle and the physical gain of the system. At present the gain of the sonar
is fixed and is calibrated based on trial data taken at the experimental site. The details on
the initialization file are provided in the Appendix C at the end of the manuscript. The
vehicles waypoint navigation system performs scanning between the points provided in the
navigation file in a straight line. The initialization file may contain more than one pair of
waypoints for scanning multiple sections of the seafloor. In this case, the observation is
performed one section at a time.
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The obstacle avoidance system is used for obstacle detection and collision avoidance
since no previous information about the survey area is available. The heading, depth and
velocity controller of the vehicle is commanded by the navigation system after calculating
the required heading to reach the next waypoint. While navigating between the waypoints,
the vehicle records individual sonar scans as well as the vehicle navigation data. The
navigation data recorded by the vehicle contains the three axis position and three axis
orientation information. The obstacle avoidance system measures the range of any obstacle
in the path of the vehicle. Preventive measures are taken if an obstacle is found within a
certain range of the vehicle. The safe distance value for obstacle avoidance is also included
in the vehicle initialization file. Three dimensional bathymetry is generated after the vehicle
performs scanning using the data collected during the scan. During this time, the vehicle
performs station keeping by maintaining its horizontal position and depth.

3.1.1 Wide area scanning hardware

For generating wide area bathymetry, an acoustic scanning sensor with a wide swath is
used. Sensors capable of such scanning are side-scan sonar, multi-beam sonar, SAS or
mechanically steered profiling sonar. These systems can generate bathymetry with the
resolution of a few tens of centimeters depending on the scanning altitude and other sensor
parameters. A multi-beam sonar is used for this research however the algorithms developed
can be easily applied to a point cloud generated using any other acoustic sensor with
sufficient resolution. The resolution obtained from a multi-beam sonar depends on the
beam fan angle and the number of beams. The scanning altitude of the vehicle decides
the swath obtained along the direction of the forward motion of the vehicle. This altitude
has to be fixed based on the sonar specifications and the resolution required. The sonar
scanning rate is usually low and also depends on the scanning altitude. The vehicle scanning
speed is set based on the scanning rate of the sensor to obtain sufficient resolution in the
forward direction. For the algorithms proposed in this research to work effectively, the
seafloor should be scanned with a minimum bathymetry resolution of 20cmx 20cm in
the horizontal plane. The vertical resolution is usually much higher but also depends on
the scanning altitude. The scanning mechanism of the multi-beam sonar and the data
processing techniques to generate bathymetry are explained in detail in the Appendix A
of this manuscript.

3.2 Wide area bathymetry analysis

The data obtained using the wide area acoustic scanning sensor is analyzed to identify
areas for high resolution scanning based on the interest of the survey. The survey rules
are provided to the vehicle in the form of a rule file which is explained in the Appendix C
of this manuscript. The survey rules are determined based on the sensor used for seafloor
observation and the seafloor parameter being measured. High resolution scanning areas
are identified such that the seafloor properties measured in these areas best satisfy the
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survey interest. The algorithm developed should be easy and fast to execute on the limited
computation power available when implemented on an underwater vehicle. In order to make
decisions, it is necessary to detect features on the seafloor from the scanned bathymetry
data. The features can be used to decide the area which are of interest to the survey. Since
the resolution obtained by the acoustic sensor is of few tens of centimeters, it is difficult
to determine small scale features. However since the area covered during the scan is wide,
larger features can be identified. The features identified by the algorithm correspond to sea
scenario such as hydrothermal vents, manganese crust slabs, man-made features such as
foundations of underwater structures or artificial reefs etc. Based on the features detected
and the survey rules, high resolution scanning area is selected. Once a suitable area has been
identified, an algorithm generates waypoints by taking into account the scanning swath of
the high resolution system to scan the area effectively. The overview of the process can be
seen in the Fig. 3.1.

mesh scanned data to uniform grid

perform bathymetry analysis to
detect features in the scanned

bathymetry
data fusion to select the Obstacle avoidance
survey rule file > appropriate high N data
resolution scanning area

generate new waypoints for scanning
the selected area

perform high resolution scanning at
selected area

Fig. 3.1. Overview of the wide area data analysis and decision making process
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The bathymetry generated by the acoustic scanning sensor is non-uniformly spaced in
the horizontal plane. The first step involves meshing the bathymetry to a uniform grid. It
is necessary to have the bathymetry uniformly sampled for the purpose of implementing
the algorithm by data and image processing. To mesh the bathymetry to an uniform grid
the maximum and minimum coordinates in the x and y direction of the original point
cloud are identified. The scanned point cloud is meshed into a grid of size n x m where n is
the number of points across track and m is the number of points in the forward scanning
direction. The number of points in the across track direction is the number of beams of
the sonar while the number of points in the forward direction of scanning is the number of
scans. The new coordinates on a uniform mesh are determined by splitting the minimum
and maximum values of x and y into n X m number of points respectively. The meshing
algorithm used is explained in the Appendix A at the end of the manuscript. The meshed
data is then used as an input for the other algorithms.

A
Y

Scanned Bathymetry

N

ng| | Mw Y

Fig. 3.2. Variance taken over the scanned bathymetry; Variance applied over windows of different
dimensions. The larger 2D window has dimensions m,, X n.,, and narrow window ms X ns

3.2.1 Detecting features in scanned bathymetry

This section explains in detail the feature detection and selection process using the
acoustically scanned bathymetry data generated by scanning a wide area of the seafloor.
Since the swath length of the sensor used for generating the bathymetry is a few tens of
centimeters, the features identified are also larger in size and low in detail. To perform
analysis on this data, an simple algorithm is developed which can be easily implemented
on a reasonably fast computer on an AUV. For this research, the algorithm has been
implemented to recognize features potentially representing seafloor scenario.
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Surface Small window

Large window

Fig. 3.3. Variance applied on flat surfaces; Small and large window variance taken over a nearly horizontal
surface. The variance observed is low in flat areas.

The algorithm developed in this case uses bathymetry variance for detecting features
and analyzing the seafloor bathymetry. The concept of bathymetry variance is explained in
detail in this section of the chapter. The bathymetry grid comprises of x and y points with
a z value for each point on the grid. Variance of bathymetry measures how far individual
points on the z axis of the bathymetry grid are spread away from the mean. The data
variance is extended to bathymetry by performing computations over a 2D window. All the
points in the window are used for calculating the variance and assigning it to the central
grid point. The concept of application of 2D window over a bathymetry can be seen in
the Fig. 3.2. The bathymetry is considered to be a meshed data image of size M x N.
The variance is applied over windows of different sizes. The size of the window used for
calculating the variance determines the nature and attributes of the feature identified. The
features that need to be determines are potential flat areas, peaks such as isolated boulders
and hydrothermal vent chimneys, edges of man-made features and artificial slabs and rifts.

Variance taken over 2D windows of different sizes can provide different information
about the features such as their nature and sizes. For instance, a large window provides
bathymetry variance over a wide area as seen in Fig. 3.3. A flat area will generate low
variance values for a large window as well as a small window. The smaller window can reveal
more undulations in the flat area. Small windows also detect the location of individual peaks
such as large rocks and boulders or hydrothermal vents by identifying points where peak
high variance is observed. The larger window sizes can reveal the outer boundaries of the
features around the peaks. This is seen in the Fig. 3.4(right). In case of slabs with edges,
a small window can revel the exact location of the edge of the slab. The larger window
can identify the location of the slab or artificial man-made feature. This can be seen in the
Fig. 3.4(left).
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Surface Surface

Small window Small window

/\ Large window M Large window

Fig. 3.4. Variance applied on different surfaces; Left: Small and large window variance taken over a slab
with edge. Right: Small and large window variance taken over a rift. Different window sizes reveal different
information

By performing variance analysis over windows of different sizes on the same bathymetry,
different parameters are extracted. The data from different sizes is then combined to
estimate the features in the scanned bathymetry. To understand the concept, let us consider
a bathymetry scanned in as seen in Fig. 3.5. The bathymetry has been collected at the
Kagoshima bay in Japan. The bathymetry is meshed into a uniform grid of M x N as
seen. The window used for variance mapping is decided based on the swath of the data,
the resolution of the data, the size and nature of the features to be identified. Variance is
taken over windows W;of different sizes m; x n;. For every analysis, all the points in the
meshed bathymetry data inside the window are first collected and an average is taken.
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If z; are all the points inside the window used for analysis and n is the total number of
points then:

Z(m)
201.5
204.0
206.5
208.5
841 848 851
Y(m)

Fig. 3.5. Bathymetry data for analysis using variance maps scanned at Kagoshima bay, Japan

Different window sizes revel different information from the scanned bathymetry. Variance
taken over a small window revels the location of small boulders and rocks. Along with the
rocks, the peaks of the mount are also clearly visible in the small window variance. These
are then be extracted by filtering the highest variance areas as seen in the Fig. 3.6. Variance
taken over a larger window identifies the location of larger features such as the main mount.
This is then separated by filtering the high variance area. This process can be seen in the
Fig. 3.7. In all the variance maps, the area with the lowest variance is the one with least
undulations. It is considered as potential flat area and is also separated as seen in the
Fig. 3.8
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Fig. 3.6. Left: Original bathymetry. Black circles indicate the locations of the peaks of the mounts and
boulders, Centre: Variance map generated by over a small size window. The high variance peaks indicating
the boulders and mount peaks are identified, Right: After thresholding and extracting the areas with high
variance to detect features

Fig. 3.7. Left: Original bathymetry. The main mount is identified from scanned bathymetry, Centre:
Variance map generated by over a large size window. The high variance area indicating the location of the
main mount identified, Right: After thresholding and extracting the areas with high variance to detect the
main feature

3.2.2 Selecting area for scanning

The features detected are first stored in a custom database which is used later in the
decision making process. The database includes the type of features and some of their
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Fig. 3.8. Left: Original bathymetry, Centre: Variance map generated using a very small size window to
reveal small undulations in bathymetry, Right: After thresholding and extracting the areas with very low
variance to detect flat area ares

attributes. The data is also stored in the form of a map with different colors representing
different features which can be seen in the Fig. 3.9. This is useful for image processing
operations for selecting the area for high resolution scanning. Once the analysis of the
seafloor has been completed decision to perform observations is based on the features
identified and the survey rules. The features required by the survey are extracted from the
rules and identified in the created feature database. These are then compared with those
identified and stored in the feature database. Their location on the map is then marked
for analysis. By using image processing operators, the area within these features for high
resolution scanning is selected.

Fig. 3.9. Detected features and attributes stored as a map; Green: main seamount, White: boulders, Red:
rough areas, Blue: flat areas




3.3. Generating waypoints for scanning area 31

3.3 Generating waypoints for scanning area

This section explains the method for generating waypoints for scanning the area selected
for high resolution observation by the previous algorithm. A fast and less computationally
intensive method has to be developed since the algorithms have to to be executed in
real-time using the computers on-board an underwater vehicle. Since the newly selected
area is scanned using an underwater vehicle, the algorithm should give preference to
straight line transects over turns when deciding the waypoints. A high resolution scanning
sensor is used by the vehicle to observe the seafloor at these locations. The swath of the
high resolution scanning sensor in the direction normal to the forward direction of the
vehicle should also be considered while generating the waypoints. The area selected for
high resolution scanning by the previous step of the algorithm is considered as a binary
image of size M x N having selected and unselected points. This is possible since the
bathymetry used is meshed to a uniform grid and each pixel has a definite coordinate in
the horizontal plane. The selected area could either be one single continuous patch or a
series of small areas. Once the new waypoints are computed, they are stored in a waypoint
file automatically and provided to the vehicle. At these locations, the vehicle performs
waypoint navigation to obtain data using a high resolution scanning sensor. Consider the
region of the scanned area shown in the Fig. 3.10 in red where high resolution observation
has to be performed.

(sjexid N) /()

(v X (M pixels))

Fig. 3.10. Area selected for high resolution scanning (red) using the algorithm in the previous section

The first step involves making a bounding box around the selected area as can be seen in
the Fig. 3.11. The outer edges of the box are generated using the extremities of x and y
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(Tmaz sTmins Ymaz, Ymin)- Since the data is considered as an image, let Mg x Ny be the
number number of pixels representing the data. The swath of the sensor used for high
resolution scanning is then estimated in terms of number of pixels. If o is the swath of the
sensor, then the number of pixels P representing the swath are calculated as:

Tmazr — LTmin
dp — —max — “min
M
g
T de
_ Ymaz — Ymin
dy = .
ag
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Yy dy
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Fig. 3.11. Bounding box and new mesh applied based on the swath of the high resolution scanning sensor

The values of P, and P, are floored to the closest integer. The swath of the scanning
system, o is considered smaller than the actual swath to introduce overlap in the scanned
bathymetry. The area to be scanned is then divided into a mesh with grid size P, X
P,. To illustrate the method, consider a sonar with a scanning swath of 15m and the
distance scanned in the forward direction to be 30m. The number of beams of the sonar
are considered as 120 and the scanning rate is 5scans/second at speed of 0.5m/s. The
resolution of the area generated can be considered as 120 x 300. Assume that x,,ax — z.,nin
is 10m and represented by 200 pixels. Also y,ax — ymin is 10m represented by 80 pixels.
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The laser swath is then calculated as:

In x direction:

10 2.0 .
dr = s0i P = m;Px = 16pixels
In y direction:
20 2.0 .
Uy = 500° Fv = g3 v = 20pizels

Area is then enclosed in a bounding box. A new grid is then generated with size 16 x 20
to enclose the entire are as seen in the Fig. 3.11.
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Fig. 3.12. Blocks assigned colors based on areas to be scanned; Red: Blocks that need to be scanned,
Green: Blocks that do not need scanning

The squares now including areas to be scanned are filled as red and those where no
scanning has to be performed are filled green as can be seen in the Fig. 3.12. Once the area
to be scanned has been converted into blocks, the path planning sequence for scanning the
area is established. The overview of the process is given in the Fig. 3.13. The waypoint
generation is started from one of the four corners. Corner with block where scanning has
to be performed (red) is given priority for start of scanning. If no such corner is available,
the corner nearest to the current position of the vehicle is considered. The algorithm starts
generating waypoints along the side with larger number of blocks. For connected blocks in
the same direction, no intermediate waypoints are generated. In the case of our example,
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the waypoint generation is carried out in the X direction with 10 blocks. This is done so
that the vehicle can scan a larger patch at length without having to turn, thereby improving

efficiency.

start from a corner with red block (scanning)

generate waypoints along direction with more number of blocks using
lawn mover pattern

No

if block is green
(non-scanning)

Yes

group remaining blocks with the
largest rectangle

if current block in the
new rectangle

remove the outermost rows or
columns if entirely green (non-
scanning)

continue to next block in the
same direction (any block)

continue waypoint generation along
direction with more number of red
blocks remaining to be scanned

move to the red block (scanning)
closest to the current block in the
selected direction of scan

Fig. 3.13. Overview of the block selection and waypoint assignment algorithm
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The algorithm generates waypoints in a lawn mower pattern until it reaches a patch
of land which does not have to be scanned (green block). Once the green block has been
reached, the blocks remaining to be scanned (red blocks) are located as seen in Fig. 3.14.
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Fig. 3.14. Generation of waypoins; Red: Blocks that need to be scanned, Green: Blocks that do not need
scanning, Blue: Blocks scanned so far
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Fig. 3.15. Pink rectangle: encloses all the remaining blocks to be scanned (red blocks). Yellow rectangle:
grouping remaining blocks after eliminating the first row
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A largest rectangular region enclosing all the remaining blocks is drawn as seen in the
Fig. 3.15. The pink rectangle has been drawn to enclose all the remaining red blocks. If
the new region contains an outer row or column which does not have to be scanned, it is
removed from the newly selected region. After eliminating the first column which does not
have to be scanned, the remaining blocks are regrouped using a new yellow rectangle. If the
current block is a part of the newly generated rectangular group, then waypoint generation
is continued in the same direction as before.The algorithm then generates waypoints in the
direction of the larger number of blocks as in the beginning of the algorithm. The next
point generated on the block which is nearest to the current block in the required direction
of scanning. In this case, the first block along Y direction is now considered since it has
4 remaining blocks as compared to 3 in the X direction. Waypoint generation is then

continued in the lawn mower pattern until the next green block is detected as seen in the
Fig. 3.16
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Fig. 3.16. Generating waypoints for remaining blocks. Scanning direction is changed since the number of
remaining blocks in the y direction is greater

After reaching the next green block, the remaining blocks are regrouped by a new largest
rectangle. The yellow rectangle is the Fig. 3.17 groups all the remaining red blocks. Since
the current block is also included in the newly generated region, scanning is continued in
the forward Y direction.

Finally all the blocks in the region are analyzed by using the algorithm as seen in
the Fig. 3.18. Once all the blocks have been analyzed by the algorithm, waypoints are
generated along the centers of each block in the direction of scanning. The algorithm was
tested during the experiments conducted in the tank environment to evaluate the survey
method. Details on the experiments have been provided in the chapter 6 of this manuscript.
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Fig. 3.17. Blocks assigned colors based on areas to be scanned (Red: Blocks that need to be scanned,
(Green:) Blocks that do not need scanning

Once the waypoints for high resolution scanning have been generated, the vehicle scans
the region using waypoint navigation. A suitable high resolution scanning sonar is used

for generating high resolution bathymetry. The high resolution scanning stage has been
explained in the next chapter.
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Fig. 3.18. Generating waypoints for remaining blocks to cover the entire selected area for high resolution
scanning efficiently
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High resolution scanning

This chapter provides details on the high resolution scanning stage of the proposed survey
method. The initial part of the chapter provides an overview of the scanning process for
generating high resolution bathymetry using a suitable scanning sensor. The requirements
of the sensor for obtaining high resolution bathymetry to perform analysis using the
algorithms proposed are described. Detailed information on the intelligent decision making
process to select a suitable area for seafloor observation is provided. The algorithm for
detecting features in the scanned bathymetry and estimating their attributes is described
with mathematical equations. The algorithm for detecting flat potential areas for landing
operation is also elaborated. The final sections of the chapter describe the decision making
process based on the features and flat areas detected in the scanned bathymetry. The
involvement of the survey rule file in the decision making process is also explained. This
chapter is also supported by the Appendix A which provides detailed information on the
high resolution scanning sensor used for this research and the bathymetry generation and
meshing techniques.

4.1 High resolution scanning process

In the previous chapter, the process of selecting areas for high resolution scanning in the
scanned acoustic bathymetry has been described in detail. The waypoints generated are
provided to the vehicle in the form of a new waypoint file generated by the algorithm. The
vehicle scans the area between the new waypoints with high resolution using a suitable
scanning sensor. The waypoints are provided in the earth frame of reference as north and
east coordinates and depth information. In this research, a laser profiling system is used
for scanning the seafloor with high resolution. The details on the scanning system are
provided in the Appendix A of this manuscript. The scanning parameters for the system
are provided in the initialization file uploaded into the vehicle. The parameters which are
provided include the opening angles of the camera and the laser, the baseline between the
camera and the laser, the scanning speed of the vehicle, scanning altitude, camera gain and
resolution. At present the gain of the camera is operated in automatic mode. The details
on the initialization file are provided in the Appendix C at the end of the manuscript.
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The vehicles waypoint navigation system performs scanning between the points provided
in the new waypoint file to record camera images of the laser profiles projected on the
bottom. The vehicle navigation data is also recorded in a separate file. The navigation
data recorded by the vehicle contains the three axis position and three axis orientation
information. The obstacle avoidance system measures the range of any obstacle in the
path of the vehicle. Preventive measure is taken if an obstacle is found within a certain
range of the vehicle. The navigation and obstacle avoidance system of the vehicle move
the vehicle between the waypoints provided safely. Once scanning is completed, the three
dimensional bathymetry is generated and analysis is performed while the vehicle maintains
its last horizontal position and depth.

4.1.1 High resolution scanning hardware

To generate bathymetry with a high resolution, sensors such as laser profiling system [42]
or stereo vision [43] can be used. These systems are capable of generating bathymetry
with a resolution of a few millimeters. In this research, the light sectioning based laser
profiling system is being used for bathymetry generation. The algorithms developed could
however be easily applied to any other system which can generate a three dimensional point
cloud with the required resolution. The implementation of the system on the developed
underwater vehicle used for experiments in this study is explained in chapter 5 of this
manuscript. The horizontal resolution of the scanning system depends on the opening
angle of the camera lens, the camera CCD resolution, the baseline length between the
camera and the laser, the laser swath and the vehicle scanning altitude. Since the camera
and laser parameters are fixed, the vehicle scanning altitude is set to obtain sufficient
resolution in the cross-track direction. The along-track resolution of the system depends
on the rate of acquisition of the camera and the vehicle speed. The necessary requirements
for the algorithm to perform analysis and detect suitable flat areas is that the scanned
bathymetry has a minimum footprint of 8mmx 8mm in the horizontal plane and about
5mm in the vertical plane. The scanning mechanism of the laser profiling system and
the bathymetry generation techniques is explained in detail in the Appendix A of this
manuscript. Sample bathymetry scanned using the laser profiling system can be seen in
the Fig. 4.1.

4.2 High resolution bathymetry analysis

The data obtained by high resolution scanning using a suitable sensor is then analyzed with
an algorithm to make intelligent decisions based on the interest of the survey provided to
the vehicle in the form of a rule file. The survey rules are made based on the sensor carried
by the vehicle for seafloor observation. The relationship between the seafloor properties
being observed and the features detected is explored. Based on the features detected, the
vehicle may either be required to land on the seafloor or perform observations around the
features to obtain the correct data. The overview of the process involved in decision making
can be seen in the Fig. 4.2.
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Fig. 4.1. Bathymetry scanned using the light sectioning based laser profiling system during NT09-02Leg2
Cruise. The detailed features on the seafloor can be clearly observed in the data.

To make intelligent decisions, the vehicle has to first know the nature of the bathymetry
scanned and its features. The algorithm first segments the bathymetry scanned into seafloor
features and flat areas. Since the bathymetry has a resolution of a few millimetres along
every axis, it is possible to detect the features in high level of detail. At first, the bathymetry
is analyzed to identify flat areas on the seafloor. This is done to identify areas on the seafloor
where the vehicle can potentially land to obtain seafloor properties from in-situ observation
payload sensors. Since the seafloor can be rough and varies abruptly, it may not be possible
for the vehicle to land arbitrarily and hence flat areas need to be detected. The next stage
of the analysis identifies features in the areas which are not considered flat. The essential
physical attributes of the features such as the shape, size, orientation etc are analyzed and
a database is created. The survey rule file decides the action to be taken by the vehicle for
seafloor observation. Decisions are taken based on the features detected and the location
of the flat areas. The survey might require the vehicle to land on the seafloor to perform
observations using an in-situ sensor or observe a particular area by maneuvering using a
suitable sensor. The individual algorithms are explained in detail in the next part of this
section.
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mesh scanned data to uniform grid

perform feature detection detect flat areas

detect feature attributes such as
shape, size, orientation
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survey rule file >

detect areas where the
vehicle can land

data fusion to select the i
appropriate scanning or obstacle avoidance
landing area data

Yes
if landing required

if more high
resolution data is needed
for detecting landing
points

waypoints for scanning required areas
for seafloor observation without landing

scan selected area to perform waypoints for scanning additional area
observations using suitable payload with high resolution
sensor

I
detect suitable landing points

perform landing and perform
observations using suitable payload
sensor

Fig. 4.2. Overview of the high resolution data analysis and decision making process

The bathymetry generated by the scanning sensor is non-uniformly spaced. The first
step involves meshing the bathymetry to a uniform grid. It is necessary to have the
bathymetry uniformly sampled for the purpose of implementing the algorithm by data
and image processing. To mesh the bathymetry to an uniform grid the maximum and
minimum coordinates in the x and y direction of the original point cloud are identified.
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The scanned point cloud is meshed into a grid of size n x m where n is the number of
points across track and m is the number of points in the forward scanning direction. The
number of points in the across track direction is the horizontal resolution of the camera
while the number of points in the along-track direction of scanning is the number of scans
acquired in the area. The new coordinates on a uniform mesh are determined by splitting
the minimum and maximum values of  and y into n X m number of points respectively.
The meshing algorithm used are explained in the Appendix A at the end of the manuscript.
The meshed data is then used as an input for the other algorithms.

4.2.1 Detecting flat areas in scanned bathymetry

Fig. 4.3. Laser profiles of different types of surface taken during NT09-02Leg2 Cruise. Upper section of
each images shows the seafloor surface and the bottom shows the corresponding laser profile

The laser profiles of a few types of surfaces can be seen in the Fig. 4.3. These were
acquired during the NT09-02Leg2 survey cruise of R/V Natsushima. In each image, the
upper section shows the surfaces photographed by the forward looking camera of the ROV
used during the survey. The bottom part shows the corresponding profiles captured by
projecting a sheet laser vertically downwards. If these profiles are considered as data
points, their frequency domain analysis can provide useful information about their shape
and roughness. Each laser line can be individually processed for identifying whether the
surface is flat or not, but this method has an inherent problem in the analysis. Even if the
laser profiles might appear flat in the cross-track direction, they may have features in the
along-track direction of the vehicle. These features would only raise or lower the level of the
laser line in the camera image and not change its shape. Since the seafloor contains a wide
variety of three dimensional objects, it is essential that the algorithm remains unbiased
towards bumps along a particular orientation. From this it is apparent that a single line
by line laser analysis is not suitable for analysis of the terrain to detect flat areas.
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Frequency analysis can provide a simple means of identifying flat areas from bumpy
areas as the frequency components associated with these are entirely different [44]. Flat
areas are represented by low frequency components. The high frequency components
represent the sharp edges, rough surfaces and rocks. Fast computational algorithms for
performing frequency analysis of data have been developed over the years and can be
easily implemented on a reasonably fast computer. To overcome the problem of performing
frequency analysis on one profile at a time, the entire scanned area is considered for analysis
by taking a 2-dimensional (2D) Fast Fourier Transformation (FFT). The DC component
in the point cloud can leak into to the neighboring low frequencies and make it difficult to
identify them. For frequency analysis to work effectively, it is essential to realign the point
cloud so that the DC component is brought to the z-y surface. This is achieved by first
moving the point cloud to the center of mass and then realigning the data by rotating it
along its eigenvectors by principal component analysis (PCA).

4.2.1.1 DC normalization

The eigenvector of a square matrix is a non-zero vector that produces a constant multiple
of the matrix, when the matrix is multiplied by the vector. In short, the eigenvalues provide
information about the direction of orientation of the point cloud and can be used for DC
normalization by PCA. The data collected from the point cloud can be represented in three
dimension as z4,yq and zg. If the means values the point cloud are represented by Z, 9, z
respectively, then the point cloud can be shifted to its centre of mass:

Ty = Tqg — g
Ym = Yd — Yd
Zm = Zd — 24
U= [scm Ym zm]
Utu

B

U7 represents the transpose of the matrix U then the covariance matrix (X)) of the mean
centered data with number of points N can be calculated. The eigenvalues and eigenvector
matrix E are then computed which are then used to rotate the mean centered point cloud
to generate the transformed data set x,, y,, z,. The DC normalized original bathymetry
can be see in the Fig. 4.4.

4.2.1.2 2D Fourier analysis

The scanned bathymetry consists of objects with different shapes and dimensions which
have different frequency signatures. The scanned bathymetry can be considered as a series
of shapes which can be split into their fundamental sinusoidal and co-sinusoidal components
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Fig. 4.4. Left: Data scanned using high resolution meshed to an uniform grid, Right: Same data after DC
normalization

using frequency domain analysis such as 2D FFT. For the purpose of performing analysis,
the data is divided into smaller sizes of M x N. It is easier to perform computation on
a smaller data segment and the analysis performed produces better results. Assuming M
to be the number of mesh points along x, direction and N is the number of mesh points
along y,- direction. A FFT-shift function is used to centre the Zero-frequency component.
A 2D FFT is performed on the bathymetry data to determine its frequency components.
The bathymetry data is converted into frequency domain data Z f(mu, yy) where z; and xy
are coordinates in the transformed data for each Zy.

Zf(xt7yt) = \/m ZT’(xT7y7"

The 2D FFT of the bathymetry scanned can be seen in the Fig. 4.5. The two axes of FF'T
represent the frequency components along the two dimensions of the scanned bathymetry.
The underlying ground surface is represented by low frequency components. The rocks
and bumps are represented by higher frequency components. The pebbles are represented
by even higher frequency components with low amplitudes. It is possible to separate the
nature of the underlying bathymetry from the features by using a filter and cutting of the
appropriate frequencies.

To filter out the higher frequencies which represent the edges of surfaces and the pebbles,
we need to design a suitable filter. The filter should have a linear phase response with
nearly even response in the pass band. A filter similar to Butter-worth filter is used whose
response can be seen in the Fig. 4.6. By multiplying the FFT data with the filter, element
by element, we can mask the high frequency components which represent the bumps, rocks
and pebbles to generate the underlying bathymetry. An inverse 2D Fourier transform can
then be applied to produce a smooth bathymetry representing the underlying basic terrain,
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2D FFT Plot in dB
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Fig. 4.5. Left: Small section of the original data used for performing Fourier analysis, Right: 2D-FFT plot
of the data in dB. The two axis represent the frequency components along the X and Y direction

also seen to the right of Fig. 4.6. The smoothened bathymetry represents the underlying
ground surface.
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Fig. 4.6. Left: Response of the filter used to remove the high frequency components from the 2D FTT,
Right: Smooth bathymetry generated after taking inverse fourier transform

This smooth bathymetry is then subtracted from the original bathymetry point by point
to identify points which belong to the ground or the features placed on top of the ground.
The subtracted bathymetry of the original data can be seen in the Fig. 4.7. From this we
can identify the underlying ground from the features. A threshold is used to separate the
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Fig. 4.7. Data generated by subtracting smoothened bathymetry from original bathymetry

flat region from the bumpy non landing areas and to generate a binary data as seen in the
Fig. 4.8. In this figure, the blue areas represent the features while the red areas indicate
the flat areas. The threshold to qualify a region suitable for landing remains fixed and is
decided based on the cut-off frequency of the filter response. The threshold is decided based
on the size of the features to be identified which will affect the landing characteristics of the
vehicle. Since the scanned bathymetry has a resolution of a few millimeters, fine bathymetry
features can also be detected. The threshold may be lowered to find the best site within
the detected flat areas, if this would improve the quality of data obtained by seafloor
observation. Within the flat areas detected, it is then required to identify areas where a
vehicle of a particular dimension can land or perform observations. For this analysis, the
threshold bathymetry is considered as a binary scaled image and simple image processing
operators are used.

Fig. 4.8. Flat areas and features detected after applying threshold; Red: flat area, Blue: features

4.2.1.3 Image processing for flat areas

To identify flat areas where an underwater vehicle of a particular dimension can fit image
morphological operations are used. For this purpose, the bathymetry data is considered
as an binary image. The two binary components of the image are the flat area (red) and
features (blue). The concept of finding a suitable flat areas where the vehicle can fit is
equivalent to fitting an object of a given size into a continuous flat region of the scanned
area.

The opening morphological image processing operator can be used to fit a structuring
element into an image and find regions where it fits completely within a boundary. The
image opening operation requires a structural element. The structural element chosen
corresponds to the size of the underwater vehicle. A square footprint is considered by
calculating the number of pixels equivalent to the largest dimension of the vehicle.
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Considering the area to be represented by a an image with pixels M x N, each point
of the image is then indicated by B(i,j) with ¢ going from 0 to M — 1 and j going from
0 to N — 1. The structural element R is a mask of the size of the vehicle which is trying
to land. x,(min) and x,(max) are the extreme values in the = direction and y,(min) and
yr(max) are those in the y direction. If the largest dimension of the vehicle is [ then the
number of pixels representing it can be calculated as:

xr(mazx) — x,(min)

dr = %
ot
dy = yr(max)]:r yr(min)
l
P=g

Opening operation is performed by an erosion process followed by a dilation process.
The operation is performed by using the structural element R of size P, x P, on the data
B.

BoR=(BSR)®R

where © indicates erosion and @ indicates dilation.

Fig. 4.9. Detected flat area where the vehicle of a particular size can fit. Red: unsafe area with features,
Yellow: flat area where vehicle can fit

By performing opening operation multiple times until the result no longer changes, we
can find a suitable flat area where the vehicle can fit within the detected flat area as seen
in the Fig. 4.9. The detected location of the flat areas suitable for the vehicle to perform
landing or seafloor observations is then stored in a database as explained in the later
sections of this chapter.
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4.2.2 Detecting features in scanned bathymetry

The first part of the algorithm detects flat areas in the scanned high resolution bathymetry.
The algorithm also determines areas where a vehicle of a particular dimension can fit
within the flat area to perform seafloor observations. To make decisions for selecting the
appropriate area for seafloor observation, the algorithm has to identify features on the
seafloor and estimate their attributes. The features and attributes determined are used in
the decision making process. Attributes currently considered are the shape, size, orientation
and properties based on the shape such as radii, length, breadth etc which are explained
in detail in this section. Once the flat areas are identified in the scanned bathymetry, the
remaining area which is considered unsuitable for observations by landing is processed to
detect features. Analysis is performed only in this part of the scanned bathymetry to detect
the features and estimate their attributes. The feature detection used in this research is
restricted to two dimensions and features are not identified by analyzing a three dimensional
point cloud. One of the reason for doing this is the fast computational time required for
real-time implementation of the algorithms in an underwater vehicle.

Fig. 4.10. Feature binary image; Top: Detected flat areas as seen in Fig. 4.9 (Red: area with features,
Yellow: flat area), Bottom: Selected features in the area not considered flat. The detected rocks can be
clearly seen.

A simple feature detection and attribute estimation algorithm has been implemented
into the vehicle. The algorithm is based on Hough transform. Hough transformation is
a technique for detecting imperfect instances of an object in a certain class of shapes
by a voting process. The Generalized Hough Transform or GHT, is the modification of
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the Hough Transform using the principle of template matching. This enables the Hough
Transform to be used for not only the detection of an object described with an analytic
equation (e.g. line, circle, etc.) but also arbitrary objects using a model. For estimating
the features, the scanned bathymetry is considered as an image of M x N pixels similar to
previous analysis. This is possible since the bathymetry has been meshed to an uniform grid
and each pixel has a definite coordinate in the horizontal plane. The binary bathymetry
image, Fig. 4.8, generated in the previous algorithm indicating the detected flat areas and
non flat areas is used for analysis. The feature binary image generated using the scanned
bathymetry and removing selected flat areas and resampling can be seen in the Fig. 4.10.
The features in the scanning bathymetry can be clearly seen.

Fig. 4.11. Edge detection on identified features; Top: Rock features in the original bathymetry, Bottom:
Edges of the rocks detected using image processing

The feature binary image created is first processed for detecting edges of the features.
Edge detection is essential for Hough transform for extracting their attributes requires
the edges of the features to be identified. A canny edge detector is used for extracting the
edges of the features. The canny edge detection algorithm is considered as the optimal edge
detection algorithm. It is also fast and efficient in computational time. The Canny edge
detector is an edge detection operator that uses a multistage algorithm to detect a wide
range of edges in images. The algorithm is efficient in good detection, good localization
and minimal response to a single edge. The algorithm uses the calculus of variations.
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Fig. 4.12. Edge detection on identified features; Left: Rectangular features in the scanned bathymetry
image, Right: Edges of the rectangular table detected using image processing

Fig. 4.13. Edge detection on identified hydrothermal vent feature; Left: Features in the binary bathymetry
image, Right: Edges of the triangular hydrothermal vent detected using image processing

The optimal function in Canny’s detector is described by the sum of four exponential
terms, but it can be approximated by the first derivative of a Gaussian. Because the Canny
edge detector is susceptible to noise present in raw unprocessed image data, the original
image is convolved with a Gaussian filter. Is it important that the feature information is
not lost in this process. The result is a slightly blurred version of the original image. This
reduces the effect of small unscanned patches in feature detection. The features extracted
using edge detection can be seen in the Fig. 4.11. To demonstrate the method, analysis is
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also performed on other scenarios. A flat table scanned by high resolution scanning system
is seen in the Fig. 4.12(left). The data used here is collected from the experiments performed
at the Chiba experimental station, IIS. After detecting the flat area, the remaining area
is then processed for feature detection. Canny edge detector is applied to detected the
edges of the table. The original bathymetry data and the edges detected can be seen from
the Fig. 4.12(right). Analysis performed on another data set collected at the triangular
artificial hydrothermal vent C0014G during the cruise NT-12-27 can be seen in the Fig.
4.13.

After the edges have been detected, the Hough transformation is applied to extract
the features and their attributes. At present the algorithm is only implemented to detect
standard shapes in the features such as straight lines, circles and ellipses. The shapes of
features such as triangles, rectangular shapes, quadrilateral, circular and elliptical are then
estimated by the transform based on their connections and locations. The other attributes
are then extracted based on the shape of the features. The attributes that are required
are the size, orientation, X-Y location, major axis, etc. The output of the transformation
applied to different scenario can be seen in the Fig. 4.14. The algorithm has been modified
to enclose rock structures into elliptical regions.

major axis

Fig. 4.14. Detected features and their attributes; a) Detected triangular shape of chimney and its sides b)
Detected rocks as elliptical shape with major axis to understand the orientation ¢) Detected rectangular
shape of the table and its sides
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Once the features and their attributes have been identified, they are stored in a database
file which is used during the decision making process. The features are named by their shape
followed by an identification number. The position of the centre of mass ( centroid ) of the
feature is stored. The area of the feature is also computed. Attributes of the feature based
on its shape are stored as seen in the Table. 4.1. Along with the database file, information
is also stored in the form of an colored image map as seen in Fig. 4.15. Featured with
different shaped are given different colors. The edges are colored white and the flat are
is colored yellow. The map file is useful for performing image processing operations for
detecting landing points of observation area.

Table 4.1. Feature storage database

Type Map color Nomenclature Attributes

Circuar Brown c Xpos, Ypos , radius, area

Square Cyan S Xpos , Ypos , side a, side b,
side ¢, side d, area

Rectangular Blue r Xpos , Ypos , side a, side b ,
side ¢, side d, area

Elliptical Orange e Xpos , Ypos , area, major axis

Triangular Green t Xpos , Ypos , side a, side b,
side ¢, area

Flat area Yellow - -

Fig. 4.15. Detected features and attributes stored as a map; Green: Triangular feature, Black: Edges,
Yellow: Fat area

4.3 Performing observations

Once the analysis of the seafloor has been completed decision to perform observations
is based on the features identified and the survey rules. The survey rules explore the
relationship between the sensor used, the seafloor properties measured and the seafloor
features. The features that suite the survey are selected from the feature database and
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map. The decision to select the appropriate area for seafloor observation is then made
based on the survey rules provided in the survey rule file. The format of the survey rule
file is provided in the Appendix C of this manuscript.

The vehicle might have to perform landing on the seafloor for obtaining measurements
from sensors that require contact or close proximity with the target. The landing points
are determined in the flat areas and with specific relationships to the features identified.
To explain this better, we can consider the case of seafloor radiation measurement where
measurements after landing need to be taken from top and bottom of the rocky features.
In case of rectangular artificial reefs, measurements will be taken by landing along all sides
of the rectangular structure. Also in case of the triangular artificial reefs, landing will be
performed on each side of the triangle to measure chemical contents and concentrations. In
some other cases, the vehicle may not have to land on the seafloor but perform observations
around the features by slow speed navigation. An example of such a case is the generation
of high resolution three dimensional bathymetry of hydrothermal vents, surveying the
rectangular columns of underwater foundations, etc.

4.3.1 Performing landing observations

To perform landing operations, the landing points are detected in the flat areas where
observation has to be performed. The location of the landing points is identified based
on the survey rules and features. The survey rules are extracted from the rule file to
determine the required features and matching them to the feature database generated in
the previous step. Based on the location of the flat areas and the features, flat suitable
areas for observation are determined. The landing coordinate can be detected by image
processing operation.

area selected for
landing adjacent
to side b

area where the
centre of the
robot can land

T

Fig. 4.16. Selected landing area on Side c of the triangular feature; Required rectangular region has been
already scanned and landing point can be generated

To select the landing flat area, the feature around which observation has to be performed
are first identified. The sides along which landing has to be performed are taken as reference
for landing point calculation. Incase of features with straight line edges, a rectangular box
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with one side equal to the length of the side of the feature is considered. If this side is
longer than the swath of the high resolution scanning laser, the other side of the rectangle
is considered equal to the swath. If the length of the edge is smaller than the sensor swath,
then the area selected is a square of side equal to the largest size of the vehicle. The suitable
landing area for the centre of the vehicle to land in the area suitable is then identified in the
selected rectangle. To performing landing, a sufficient flat area is essential. It is necessary
to verify if the entire selected area of the seafloor has been scanned with high resolution.

(Side of feature) 4m /

area previously
unscanned

area selected for
landing adjacent
to sidea

Fig. 4.17. Selected landing area on Side a of the triangular feature. Unscanned region is observed which
has to be scanned first before generating a landing point

In case the area has not been scanned with high resolution, new waypoints have to be
generated for the vehicle to first acquire high resolution bathymetry data in the unscanned
area. Once, the required area has been scanned by the vehicle, the landing point is computed
in the area selected for seafloor observation using the landing algorithm. To explain the
concept in detail, we can assume that a landing point has to be identified along the side b
of the triangular hydrothermal vent as seen in Fig. 4.16. A suitable flat patch of the land
adjacent to the side b is analyzed. The rectangular area selected depends on the length
of the side of the chimney. Since the side of the chimney is longer than the swath of the
laser sensor, it is considered as the larger side of the rectangle. It if then verified that all
the points in the required rectangular area have been previously scanned. Since they have
been scanned in case of side b of the feature, the area suitable for landing for the centre
of the vehicle is estimated. The opening morphological image processing operator is used
to fit a structuring element into an image and find regions where it fits completely within
a boundary. The image opening operation requires a structural element. The structural
element chosen corresponds to half the size of the underwater vehicle. This is done since
the area for landing of the centre of the vehicle has to be identified. The point in the
landing area of the centre of the vehicle nearest to the centre of the side of the feature is
then considered as the landing point.
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To find a landing point adjacent to side a of the triangular hydrothermal vent as seen
in Fig. 4.17, a rectangle of similar dimensions is considered. It can be seen that some of
the area required for landing point detection is outside the unscanned. The unscanned
area is first separated form the scanned area. New waypoints are generated to scan the
required area with high resolution where features and obstacles are identified. The waypoint
generation algorithm similar to the one is wide area analysis is used. After scanning the
required area, the algorithm then generates the necessary landing point adjacent to side a
of the triangular feature using image processing as in the previous case.

4.3.2 Performing observations by navigation

In cases where the vehicle has to perform slow speed maneuvers to obtain observation data,
the areas where data need to be collected and the orientation of the vehicle have to be
selected. This is done by comparing the requirements of the survey rule file and matching
them with the feature database created from those identified. The feature around which the
observation has to be performed is first selected in the bathymetry image and a bounding
box is drawn around it. The obstacles in the area which are known are also marked in
the image. Image processing is then done to detect a region around the features where the
vehicle of a particular size can fit. The operator used for this is an image morphological
operator called dilation. The mask used for this operation is a circular mask with diameter
equivalent to the largest side of the robot. By performing image dilation on the feature
image, we can find an area around the features where the vehicle has to navigate. The outer
edge of this area is the path which the vehicle has to take for performing observations by
navigation. Once the area for observation has been identified, the algorithm generates
waypoints for scanning the selected area.

first dilation EEEE

[ [T ]]
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pixels of the mask

second dilation

Fig. 4.18. Performing observations around rocks without landing; Green: Scanning path identified by
image processing, Red: Scanning heading to face the target

The area selected for observation can be outside the currently scanned bathymetry.
In this case, the unscanned region has to be first scanned to generate a high resolution
bathymetry. The features on the floor and obstacles which could interfere during observation
have to be identified. After obtaining the required unscanned bathymetry, new waypoints
are generated
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Development of landing AUV

This chapter explains in detail the design and construction of the prototype autonomous
underwater vehicle developed with specialized hardware and software to demonstrate the
proposed multi-resolution survey method. The requirements and considerations taken into
account during the design of the the vehicle are discussed in detail along with the solutions
applied to overcome these issues.

This chapter also elaborates on the hardware construction of the vehicle and provides
details on the various features implemented for multi-resolution bathymetry scanning and
landing. The electronics hardware of the vehicle are explained in detail with suitable
connection diagrams. The integration of sensors used for vehicle navigation and for scanning
the seafloor with different resolutions is described and their specifications provided. Details
on the core software architecture of the vehicle, data acquisition and processing and the
control system are provided. The software implementation of the survey method using
various modes of vehicle operations is explained in detail. This chapter is also supported by
Appendix B containing the mechanical drawings for vehicle constructions and Appendix C
containing details about the vehicle initialization file and the survey rule file.

5.1 Vehicle design considerations

The proposed survey method requires the underwater vehicle to traverse at high speeds
while acquiring acoustic bathymetry data with a wide swath [45]. For an AUV to cruise at
high speeds, it is necessary to have a streamlined shape with small forward cross section
to generate minimum forward drag. At the same time, while acquiring high resolution
bathymetry, the vehicle has to perform slow speed precision manoeuvring. The vehicle
also has to hover before vertical landing or real-time data processing for decision making.
In order to make the AUV streamlined, protrusions have be kept at a minimum. Single
thruster, torpedo shaped vehicles can generate a very low drag coefficient but are unable to
hover or perform slow speed navigation. Box shaped vehicles, typically ROVs, can perform
slow speed precision manoeuvring but have large cross section areas thereby restricting
high speed cruising. The designed vehicle should therefore have the capability to cruise at
relatively high speeds but also perform slow speed operations. From previous exploration
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work carried out at sea [46], it can be seen that vertical landing using thrusters can disturb
the underlying sand on the seafloor. Once the sand is agitated, it is not easily possible to
obtain good quality data from the seafloor and it is often necessary to wait for a substantial
amount of time to make any observations.

Since our main objective is to measure properties of the seafloor, the vehicle should
have the capability to land on the seafloor by using minimum use of its vertical thrusters.
The sensors for seafloor observation should be provided with a stable footing after landing
for integrated data acquisition for which a special structure has to be designed. Since the
algorithms implemented for decision making in the vehicle should process the data in real
time, it should be equipped with a high speed computers. A software architecture capable
of real-time data management and processing has to be developed and implemented. As
this vehicle has a capability of cruising close to the seafloor and also landing, it is called
as Bottom Skimmer.

Fig. 5.1. Left: CAD drawing (Autodesk Inventor V9.0) of the vehicle, Right: Fully assembled vehicle

5.2 Bottom Skimmer vehicle overview

The bottom skimmer vehicle was designed as seen in the Fig. 5.1 by taking into account
the required design considerations. The vehicle hardware structure was designed using
Autodesk Inventor v 9.0. Stress analysis was performed on all key components to check
for their tolerance and integrity. The vehicle was manufactured in the workshop belonging
to IIS, The University of Tokyo. The fully assembled vehicle is about 2m in length and
1m breadth with a depth rating of 750m. For keeping the forward cross section at a
minimum, the vehicle hull and sensors have been mounted in one straight line. The vehicle
has independent thrusters for surge and heave motion allowing it to perform slow speed
maneuvers as well as hover when necessary. The vertical thrusters have been inclined
to 22.5° for performing sway movement. The inclined thrusters also direct the vertical
thrust away from the area exactly below the vehicle hull preventing the underlying sand
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and sediments from being disturbed during landing. The vehicle has been made slightly
negatively buoyant so that it can land on the seafloor with minimum use of its vertical
thrusters. To compensate for this negative buoyancy, NACA winged shaped foils are
designed which generate lift during forward motion and also provide stability against roll.
Landing skids similar to helicopter skids, have been designed for providing a stable footing
for landing on the seafloor to perform measurements. The completed vehicle hardware and
the mounted sensors can be seen in the Fig. 5.2.
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Fig. 5.2. Bottom Skimmer CAD drawing (Autodesk Inventor V9.0) showing different parts and sensors
of the vehicle
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5.3 Hardware construction

The main structure of the AUV comprises of two horizontal hollow rectangular pipes
made from Aluminum. The hollow spaces inside the bars are filled with Nylon blocks for
additional strength. Further details on the vehicle assembly and parts are provided in the
Appendix B at the end of the manuscript. Holes are made on the top and bottom for
mounting the main hull cylinders, thrusters, wings and other sensors. The individual parts
of the vehicle hardware can be seen in the Fig. 5.3 and are described below:
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Fig. 5.3. Various components mounted on the final assembly of the Bottom Skimmer vehicle

5.3.1 Hull sections

The main hull is divided into two parts, the electronics and the battery cylinder constructed
using 5056 grade Aluminum. The hull is divided into central section and two end caps.
Trays for mounting components inside the hull are designed. Sealing is provided by use of
O-rings ( 190mm No. JIS B 2401 G190) between the end-caps and the main cylinder. The
end plates have a flat section for mounting underwater connectors and vent screws. The
two end sections are connected to the main hull by the use of V-Bands (YMV12745). Each
cylinder is attached to this frame by four clips and a jubilee band. CAD drawings of the
hull assembly are provided in Appendix B.

5.3.2 Propulsion

The vehicle has two horizontal thrusters, 220W each, for surge motion. The thrusters are
mounted on the ends of the winged structure. ABS holding clamps are designed and the
thrusters are connected to this clamp using jubilee bands. Two thrusters, 100W each,
inclined at 22.5° with the vertical are used for sway and heave motion. The initial design
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of the vehicle had thrusters for heave motion mounted vertically without the possibility of
generating sway motion. They were later inclined so that the vehicle can also perform sway
motion. These thrusters are mounted equidistant from the centre of mass of the vehicle to
avoid pitching and rolling during motion. The initially designed mounting location of the
thrusters was changed as new components were added to the vehicle changing its centre of
mass.

5.3.3 Wings and landing skids

A winged foil structure is designed to generate lift during forward motion to compensate for
the negative buoyancy of the vehicle. The wing design is based on standard NACA651412
profile in order to generate lift even at zero angle of attack. Optimum lift is generated at
speeds of about one knot. The wings are made from nylon with a Aluminum skeleton for
strength and stability.

The design of skids was adopted from standard helicopter design with two long
horizontal bars to provide stable footing on relatively flat surfaces. Skids have been designed
from standard PVC piping and Nylon footings. The skids also provide protection to the
sensors which are mounted along the underside of the vehicle. Details on the foil design
and assembly as well as the landing skid assembly are provided in the Appendix B at the
end of the manuscript.

Fig. 5.4. Vehicle power system; Left: Tray for holding the battery packs, Right: Individual battery packs
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5.3.4 Power source

The vehicle can be powered using internal batteries or external power supply. An relay
switch chooses the source of power to be used. The power provided in the external mode
comes from a tether. This powers all the vehicle electronics except the thrusters which are
always driven by internal batteries. This is done to keep the amount of current flowing
through the tether cable at a minimum. In the internal mode, all the vehicle electronics
and thrusters are powered using a Li-ion battery rack as seen in the Fig. 5.4. The vehicle
can house four Li-ion batter packs each with a capacity of 24V, 10Ah which are charged
externally. A fully charged battery set can provide a four hour operational endurance.

Micron DST obstacle
avoidance 90°

Camera opening angle \

in water 61° x 50.3° \ Delta-T multi-beam
\ sonar beam 120°

Laser opening angle
Q0°

Fig. 5.5. Placement of navigation, scanning and obstacle avoidance sensors and their coverage swath
lengths

5.4 Vehicle sensors

The sensors for navigation and scanning the seafloor with different resolution are integrated
into the hardware design of the vehicle. The placement of the sensors on the vehicle main
structure was determined based on their functionality. The placement and the coverage
swaths of the different sensors can be seen in the Fig. 5.5.
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5.4.1 Navigation sensors

The vehicle performs navigation by dead reckoning. Velocity of the vehicle in « and y robot
frame is measured using a Doppler Velocity Log (DVL). The orientation of the DVL is such
that two beams look forward and two backward relative to the direction of motion of the
vehicle. The DVL also integrates the velocity measurements to generate X,., and Y.
position in the world frame of reference. The DVL has an internal compass and attitude
sensor which gives the heading, roll, pitch and yaw measurements. The Z,,, position or
depth is measured using a depth sensor. The electronics hull also houses a single axis Fibre
Optic Gyro (FOG). The FOG is mounted horizontally in the central part of the section.
The rate measurements from the gyro are integrated to obtain the vehicle heading as well
as for the heading controller. The specifications for individual sensors are provided in the
section 5.7 of this chapter.

5.4.2 Scanning sensors

The vehicle is designed with sensors for scanning the seafloor with different resolutions. A
multi-beam sonar is mounted along the lower front section of the vehicle looking vertically
downwards with the beam normal to the direction to the forward motion of the vehicle.
The sonar used is an Imagenex Delta-T sonar. For high resolution scanning a laser profiling
system is used. The system consists of a camera and laser arrangement integrated into
the vehicle design. The detailed working of the profiling system has been explain in the
Appendix A of this manuscript. The scanning resolutions of the sensors can be seen in the
Table. 5.1.

Table 5.1. Scanning sensor specifications

Sensor Horizontal Vertical Scanning Scanning speed
resolution resolution altitude

Multi-beam sonar 12.5cm x 12.5cm  2cm 10m — 15m 0.4 —0.5m/s

Laser profiling dSmm X bmm 8mm 2m — 3m 0.1m/s

5.4.3 Obstacle avoidance

The AUV uses a Micron Digital Sonar Technology (DST) using CHIRP pulses as the
mechanically scanning forward looking obstacle avoidance sonar. The sonar is mounted
in the front of the vehicle with the sonar beam in a horizontal plane. The reflection
information is converted into real world position of obstacles using the vehicles current
position information. The sonar is typically operated with a scanning range of 5m and a
beam angle of 90°. The sonar typically takes precautionary actions when targets less than
1m from the vehicle are detected.
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5.5 Vehicle Electronics

A modular hardware architecture has been designed for the vehicle [47]. The electronics
are housed inside the main hull of the vehicle on a specially designed tray. The main
components in the system comprise of the DC-DC converters for power conversion, control
switches, computers for processing data, hub for Ethernet etc. The connections between the
different key electronic components have been shown in the Fig. 5.6. DC-DC converters
are used to step down the battery voltage for the sensors and internal computers. The
AUV has a distributed architecture with two main computers, one for acquiring data
from different sensors and processing it and the other for vehicle core control. A low
powered micro-controller (MCU) is used for generating the control signals for the thrusters
and control the power switches. External sensors are connected to the computer using
underwater connectors. The AUV uses Ethernet as its main form for communication
between the computers and the external world. The detailed schematics of the vehicle
electronics are attached in Appendix B of the report.
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Fig. 5.6. Overview of the electronic components and their interconnections; Connection lines Black: RS232,
Blue: Ethernet, Black dotted: USB, Green: Analog output, Red: GPIO
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5.5.1 PCs and MCU

The vehicle is equipped with two computers for acquiring data from the sensors, controlling
the vehicle navigation and processing data in real-time. The main computer (Control PC)
is an Core2Duo Advantech Board for performing core system operations such as vehicle
navigation and obstacle avoidance. The computer runs a Linux Ubuntu 12.04 operating
system. Drivers for obtaining data from the navigation sensors are programed. A second
computer (Command PC) running Windows Xp on an Advantech Board with Intel Atom
performs data acquisition from the scanning sensors and also runs the vehicle command
and control software. The data processing algorithms for bathymetry generation decision
making are programmed in this computer using Visual C+-. The vehicle also has a MCU
which provides the necessary control signals to the four thrusters to set the speed and
direction. The MCU receives serial communication from the Command PC with a control
packet to control the thrusters and switches. The Command PC sends data commands to
the micro-controller to set the thruster speed or to cut them off. It generates a PWM signal
and passes it to the digital to analog converter module as the thruster control signal. The
MCU also toggles the control switches connected to it by the GPIO ports to switch power
to the vehicle sensors. The command to toggle switches for lights, laser and ballast release
is obtained from the Control PC serial packet.

5.5.2 Ethernet network

The vehicle uses Ethernet as its main means of communication between the computers
also with the external world. The AUV has an Ethernet hub which connects the devices
together. A special protocol for data communication is developed to share important vehicle
data between the computers. The data can also be accessed outside the vehicle over a
wireless communication or tether. External communication can be used for testing the
vehicle and also for getting data from the AUV after the mission is completed. A static
IP has been assigned to the AUV network for connecting it to an external computer over
the network. A remote desktop connection client is used for controlling the vehicle or
transferring files using external Ethernet connection.

5.6 Software architecture

5.6.1 Vehicle computer programs

The vehicle has core software written for initializing sensors, data collection, controlling
thrusters, etc. Most of the software programming is done using C++ programming language
for its speed of execution. The vehicle software has a distributed hierarchical approach. The
MCU has drivers written in assembly language for sending control signals to the vehicle
thrusters, adjusting power switches, monitoring temperature and battery voltage as seen
in the Fig. 5.8. Overview of the core software programmed into the Control PC is seen in
Fig. 5.9.
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Multi-beam driver Ethernet protocol handler FOG driver
Ethernet protocol
handler
Camera driver
Wireless driver File HUB
handler
Mission controller

External GUI (QT C++)

Fig. 5.7. Overview of the software architecture as implemented on the vehicle; Programs for acquiring
data, vehicle control or data management for different components of the vehicle can be seen as individual
blocks

The core software in the Control PC of the vehicle communicates with the MCU over
a self made protocol. The Control PC can set the thruster speeds and toggle the power
switches using this protocol. On powering up, the Control PC enables all the vehicles
sensors and actuators based on an initialization file. Drivers for initializing, acquiring data
and logging from the DVL, FOG and Micron DST sonar have been programmed in the
Control PC. The vehicle position and orientation data is also received from the DVL by
the driver and places in a shared memory segment for other process to access. The entire
vehicle position and orientation data is automatically logged in a new file whenever the
vehicle is powered up. The Micron DST driver receives individual scans and converts them
into position data in real-time using the vehicles navigation information. The DST driver
communicates with the vehicle control system using a file which provides information about
the vehicle security level and obstacle status. In case of obstacles detected in the vehicles
path, the safety level is made critical allowing the control system to stop the vehicle. An
Ethernet handler manages communication between the Command PC and Control PC and
also with the external world. It communicates the vehicles current navigation information.
This data can also be received using wireless or tether to monitor the vehicles progress.
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Fig. 5.8. MCU software structure; Functions and libraries implemented using assembly language

The programs in the Command CPU have been written using Microsoft Visual Studio
and can be seen in the Fig. 5.10. The Command CPU is connected to the two sensors,
camera and Delta-T used for scanning the seafloor. The Delta-T multi-beam sonar has a
proprietary software for beam forming which can be executed only on Microsoft Windows.
The Delta-T driver programmed requests the host program to transmit and receive one
acoustic pulse which is then logged. Camera driver using the manufacturers API for fast
image acquisition has been programmed which logs images. Ethernet handler has been
programmed which managed communications between the CPUs, Wireless and external
cable for sharing data and controlling the vehicle remotely if necessary. The Ethernet driver
receives the vehicle position information from the Control PC in real-time.

5.6.2 Vehicle motion control

The vehicle motion controller is programmed into the Command PC and runs as an
independent thread for high speed operation. The controller can directly communicate
to the thrusters through the MCU thereby prevent any delay in operation. The controller
also receives an emergency signal from the forward looking Micron DST sonar in case the
vehicle has to be stop. The vehicle has a PD controller for heading control and depth
control. A velocity PD controller has been made for surge and sway motion of the vehicle.
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Fig. 5.9. Control PC software structure; Functions and libraries implemented using C+-+ programming
language in Linux make

A waypoint navigation system has been developed over this controller. The navigation
system calculates the heading required to reach the next waypoint and performs navigation
at a constant velocity and altitude. A waypoint priority system has been implemented to

decide the time-out before which the vehicle gives up on reaching the waypoint in case of
difficulty.

5.6.3 Implementation of the survey technique

The survey method is implemented in the vehicle by writing the software and programs
for the different algorithms involved in the process. The programs are integrated into the
main core of the vehicle and use its command and control and waypoint navigation for
performing the mission. The entire survey is broken down into different operational modes
based on functionality as can be seen in the Fig. 5.11. The modes of operation define the
state of the vehicle and the next action to be taken such as performing scanning or data
processing. The scanning speed of the vehicle, the scanning altitude and the sensors used
are set according to the mode. Programs are made to parse and read the initialization
parameters from the file provided to the vehicle and also the survey rule file. A mission
controller has been programmed which conducts the entire mission by operating the vehicle
under the right modes and processing the collected data in real-time.
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Fig. 5.10. Command PC software structure; Functions and libraries implemented using C++ programming
language in MS Visual Studio

The mission controller communicates with the other processes over a self made protocol
using files and Ethernet. At the start of the survey, the mission controller reads the
initialization file and configures the camera and sonar accordingly by sending appropriate
commands to their drivers. The controller passes the current vehicle mode information to
the other programs through a file and the Ethernet handler. Every program running in the
vehicle is aware of the current operation mode and takes the appropriate action individually.
The protocol also mentions the current folder name so that the individual programs can log
the data into the appropriate folders which makes it easier for processing. Once the data is
collected the mission controller runs the algorithms and generates new files as required by
the next stage in the survey. For instance, after wide area scanning and data processing,
the mission controller generates a new waypoint file and changes the mode of the vehicle
to high resolution scanning mode. The initialization file is also copied to the Control PC.
After receiving the mode information from the mission controller, the vehicle controller
sets the vehicle to the right speed and altitude until the next waypoint is met. The micron
DST is configured by the Control PC based on parameters in the initialization file. The
obstacle avoidance data is directly read by the vehicles motion control to take appropriate
action in case of emergency. The survey is thus executed in stages by the vehicle mission
controller by setting the right mode, collecting the data and processing it for analysis and
decision making.
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Fig. 5.11. Modes of operation of the vehicle used for implementing the survey method. The modes decide
the status of the vehicle sensors and the action to be taken

5.7 Detailed vehicle specifications

The Table. 5.2 provides specifications of the navigation and scanning sensors used by the

vehicle and its hardware components. Specifications of the vehicle electronic components

are also given.
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Property

Table 5.2. Vehicle and sensor specifications

Specifications

Vehicle hardware
Size and mass
Depth rating

Vehicle navigation
Velocity

Altitude

GPS receiver

Depth

FOG

Acoustic Scanning
Multi-beam sonar
Operating frequency
Beam width

Number of Beams
Maximum range
Range resolution

Laser Scanning
Lighting
Camera

Operating resolution
Laser

Propulsion
Surge thrusters
Heave, Sway thrusters

Computing power
Command PC
Control PC

H8 MCU

Power
Internal
External

2.2m(L) x 1.0m(W) x 0.5m(H), 125Kg
750m

RDI Workhorse Navigator WH-DVL1200kHz
RDI Workhorse Navigator beams

USBGPS2

Menstor6000 series

JG-35FD

Imagenex DeltaT
260kHz

120° x 3°

120°

100m

0.2% of range

LED Panel custom built
PointGrey Chameleon
CMLN-13S2M /C-CS (mono)
1.3MP, (max) 1296x964 at 18FPS
640x480 at 25FPS

GreenLyte Green Laser 50mW
MV-Excel /532/50,/90/A /2000

Tecnadyne 220W, 24VDC (2 sets)
Tecnadyne 100W, 24VDC (2 sets)

Advantech PCM-3363D-1GSSA1E Intel AtomD525
Advantech PCM-9382F-00A1E Intel Core2Duo
Hitachi AE-3067F

Li-ion Custom designed 24V, 10Ah (4 packs)
24V, 10A power source
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Validation experiments

This chapter explains in detail the experiments performed to evaluate the proposed
intelligent multi-resolution survey method using the developed landing vehicle. Various
experiments were performed in steps to test and analyze different stages of the method and
the vehicle hardware development. Experiments were conducted in a tank environment by
creating different scenarios using artificially made objects. Initial experiments conducted
were to test the performance of the landing vehicle. The hardware functionality of the
vehicle, control system and the core software architecture were evaluated. The next
set of experiments were performed to test and analyze the high resolution scanning
stage of the system. The feature detection and landing algorithm implemented on the
developed vehicle was evaluated in the tank on an artificially created landing area for
its accuracy and computational time. Experiments were then conducted to verify the
wide area acoustic scanning system and feature detection algorithm. The final part of
this chapter provides details on the experiments used to evaluate the full survey method
on an artificially generated seafloor scenario. The method was evaluated under different
scenarios by changing the scanning waypoints and also for the same scenario by changing
the scanning rules. For each set of experiments, the experimental details and results are
provided along with analysis.

6.1 Experiments for vehicle hardware testing

The assembled vehicle was first tested for basic hardware and software functionality.
Experiments were initially conducted to test the vehicle navigation sensors by connecting
a tether and lowering the vehicle into the water. The vehicle was connected to an external
computer using Ethernet and powered using an external power source. A graphical user
interface (GUI) was built to operate the thrusters and view values from the sensors. The
front end of the GUI prepared can be seen in the Fig. 6.1. The values measured include
the vehicle roll, pitch, heading, depth, X-Y position, altitude, thruster revolution rate and
battery voltages. The power switches to control the lights, laser and the navigational sensors
were also tested by use of the GUI. The functionality to move the vehicle along all axis by
setting the desired thrust value was also added to the GUI. The vehicle navigation sensor
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data was collected in and out of the water to estimate the drift in the sensor measurement
by keeping the vehicle stationary.

o i N Bottom Skimmer
Connect Switches . .
o Vertical Motion Horizontal Motior
START = Lk

| Laser { Cam [ -
Disconnect [ DVL ST;F
- >
Halt PC ]y =

Reboot PC STOP
Update ON
v
Quit Update OFF 0 {} .
Truster RPM Roll Depth Alt
Yaw X
Pitch Y

Secanning and Landing

START

P

Fig. 6.1. GUI for pool testing; Communication was performed using wireless or tether using the GUI

The depth controller of the vehicle was tested by making it maintain a constant
depth and changing between different depth levels. The controller was also tested for its
depth control during forward motion. Heading controller was tested by making the vehicle
maintain constant heading and changing between different headings. Once the gains of
the controllers were tuned, waypoint navigation was tested. The navigation system of the
vehicle was tested by deploying the vehicle in a tank environment. It was tested by giving
random waypoints for navigation through a waypoint file. The vehicle navigation along a
square shaped waypoint pattern can be seen in the Fig. 6.2. The vehicle was also made to
perform depth control and landing on the tank floor using manual control which can also
be seen in Fig. 6.3. The tail ends observed at the corners during the turning motion of the
vehicle were caused due to mismatch in the vehicle centre of mass and the DVLs position
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measurement point. The vehicle heading and depth controller was successfully tested to
perform waypoint navigation.
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Fig. 6.2. Waypoint navigation testing of the vehicle conducted in a tank environment
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Fig. 6.3. Depth and landing control test conducted in a tank environment
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6.2 Experiments for high resolution scanning

This section explains the experiments performed to evaluate various aspects of the high
resolution scanning and landing system. The results obtained were analyzed to make
evaluations about the hardware and software performance.

Fig. 6.4. Setup for high resolution scanning tests; Sensors for high resolution scanning mounted on a jig
and towed using a crane

6.2.1 Testing the scanning hardware

Experiments were then conducted to evaluate the performance of the high resolution
scanning system. The accuracy and resolution of the profiling system was computed by
placing objects of known sizes on the bottom of the tank and scanning them. The high
resolution scanning laser profiling system was mounted on an Aluminum frame as can be
seen in the Fig. 6.4 to perform the experiments. The sizes of the objects estimated from
the generated three dimensional point cloud were then compared to the original sizes. The
results were also used to calibrate the profiling system. The Fig. 6.5 shows the laser scan
and point cloud generated for a plastic object and a metal weight placed and scanned on
the tank floor.

The average height measured of the plastic object using the laser scanning system was
found to be 392mm while its actual height was measured as 398mm. The height of the
metal weight was measured as 189mm while its actual height measured was 193mm. The
laser scanning system was found to be reliable within 10% of the actual height of the
bathymetry.
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Fig. 6.5. Objects scanned on the seafloor for evaluating the performance of the laser profiling high
resolution bathymetry generation system

6.2.2 Testing the landing system

The landing algorithm was evaluated for its ability to detect flat areas in the scanned
bathymetry and select the appropriate landing coordinate and heading. The vehicles ability
to perform landing on the selected coordinate with the correct heading was also tested.
Experiments were conducted at the tank facility available at the IIS, The University of
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Tokyo. An artificial terrain was constructed and lowered to the bottom of the pool for
performing the experiments. The results obtained were then analyzed to test the accuracy of
the system and occurrence of errors. The accurate determination of the landing coordinate
and heading was evaluated by comparing the detected landing coordinate with the ideal
landing point in the setup. Observations and analysis were made based on these results.

6.2.2.1 Setup of the experiment

The experimental tank used had dimensions of 8m x8m with a depth of 8m. Considering the
tank dimensions, a 3m x 2m area was considered for scanned for the landing experiments. To
simulate the seafloor, artificial terrain was generated using wooden panels and corrugated
sheets. The corrugated sheets have 90mm bumps which are the non-landing area while
the flat wooden sheets make up landing patch. Each panel was approximately 1m x 1m
in dimension. In total four corrugated sheets and two wooden panels were fixed together
on a metal frame to form a 3m X 2m scanning surface. The wooden panels were placed
between the corrugated sheets to have a landing area in the central region of the terrain.
The terrain was lowered into the water at a depth of 3m from the water surface and secured
using ropes. The constructed artificial scanning terrain can be seen in the Fig. 6.6.

.
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\ : s

Vi C{%ed Sheets \\\\\
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Fig. 6.6. Experimental scenario in the tank for performing high resolution scanning and landing
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6.2.2.2 Experimental procedure

The AUV was placed at the water surface at one end of the artificial terrain and made
negatively buoyant. The vehicle was tested with slight negative buoyancy. Scanning was
performed along the length of the terrain which was initiated by a command from the
external GUI using a tether. The tether also supplied power to the vehicle. The scanning
altitude was set to 2m from the artificial terrain giving a laser swath of 2.2m. The heading
orientation for the scanning path along the artificial terrain was measured prior to the
experiment and given as the scanning heading for the vehicle control system. The scanning
velocity was at 0.1m/s to obtain sufficient resolution in the laser profiles in the forward
direction. Once in scanning mode, the vehicle would perform autonomous operation and
execute the scanning and landing sequence. The terrain would be scanned across the length
of the setup as shown in the Fig. 6.7 during which the vehicle would use its heading and
depth controller to maintain course along the scanning path. A 4m length of the terrain
would be scanned by maintaining constant heading and depth. Once scanning is completed
the heading and depth would be maintained during which the landing algorithm would
compute the landing coordinate and heading. Once the landing point was decided by the
algorithm, the landing control system would navigate the vehicle to the selected coordinate
and align the vehicle heading. The vehicle would then descend to landing point while
maintaining its position and heading. In the shown setup, the vehicle would have to select
the wooden plank as the landing area and generate the appropriate landing coordinate and
heading.

6.2.2.3 Results of the experiments

The AUV performed autonomous scanning of the artificial terrain successfully and generated
the three dimensional bathymetry as can be seen in Fig. 6.8. The vehicles control system
maintained constant selected depth and heading While performing the scanning. The
accurate reconstruction of the floor was then measured and compared to the actual setup.
The comparison results can be seen in the Table .6.1. The landing algorithm computed the
landing point correctly in 21 seconds, close to the ideal landing point. The intermediate
steps involved in computing the landing coordinate can also be seen in the Fig. 6.9.

6.2.3 Observations from the experiments

The vehicle retraced back to the computed point and landed on the terrain surface
successfully within the safe landing area by making use of its negative buoyancy as seen in
Fig. 6.10. The error in the landing point was measured by comparing the ideal landing point
coordinate based on the setup in the tank to the computed landing point which can also be
seen in the comparison table. The landing heading computed and the ideal landing heading
are also shown. From the experiments it was observed that the landing algorithm could
successfully detect the coordinate and heading in a reasonable amount of time. During
these experiments some of the code was still implemented in Matlab which increased the
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Fig. 6.7. Experimental scheme; Scanning direction and location of the ideal landing point

processing time of the algorithm. Although the landing point could be detected within of
the actually landing point, it was observed that the algorithm is still sensitive to outliers
which can cause significant error. Also the exact nature of the bathymetry generated was
depending on the reliability of the laser line detection algorithm. The data collected was
also used to enhance the algorithms and tune the camera hardware. During the experiments
the vehicle was operated using a tether which created drag in the motion specially during
turning. A few centimeters before landing the vehicle thrusters were cut off which caused
the tether cable to change the heading.

Table 6.1. Comparison of measured values

Property Actual Measured
Height of Corrugations 90mm 85bmm
X-point 0.5m 0.67m
Y-point 1.50m 1.41m

Heading after landing 90° 79°
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Fig. 6.8. 3D scanned bathymetry; Blue line: navigation path of the vehicle

Fig. 6.9. Left: Detecting flat landing area, Right: Computed landing point
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Fig. 6.10. Vehicle performing landing on the artificially created scenario

6.3 Experiments for wide area scanning

6.3.1 Testing the scanning hardware

Experiments were conducted at the pool available at the Chiba experimental Station
belonging to the University of Tokyo for testing the scanning system mounted on the
developed underwater vehicle. The scanning system was tested for its accuracy in generating
the three dimensional bathymetry. Data collected from the scans was also used to tune the
sonar gains. The navigation performance of the vehicle during scanning was also analyzed.
As a scanning target, a 12m x 2.4m long wooden structure was constructed using Aluminum
frame and wooden planks as can be seen in the Fig. 6.11. Each wooden plank used has a
size of 1.2m x 2.4m.

The structure comprised of sloping areas and flat surfaces. Slopes of different angles
were made. It was then lowered to the bottom of the pool at a depth of 5m. Scanning
was performed from one end of the structure to the other lengthwise along the waypoints
provided to the vehicle. The scanning altitude was set to 4m and the scanning speed was
set to 0.3m/s. The waypoints were provided to the vehicle in a file and run as a test
script which could be easily modified. Vehicle was operated in tethered mode. The vehicle
successfully scanned the region between the points to collect the sonar data and log it.
After scanning along the full length of the structure, bathymetry was generated as seen in
Fig. 6.12. The generated bathymetry was compared to the previous measured dimensions
of the structure. The reflection intensities of the scans observed during the experiments
were used to adjust the scanning gain of the sonar for further experiments.
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Fig. 6.11. Setup constructed for wide area scanning

6.3.2 Testing the bathymetry analysis algorithm

The main purpose of this experiment was to evaluate the wide area acoustic scanning
stage of the survey method [48]. The scanning sensor was tested for its functionality. The
program to generate three dimensional data was tested to generate real-time bathymetry
after scanning the artificially generated terrain. The algorithm to detect features was
implemented in semi real-time to process the scanned bathymetry and detect a suitable
area for high resolution scanning. In this case, to evaluate the system, the area selected
for high resolution scanning would be the flat area detected within the features. The way
point generation algorithm was also implemented to generate coordinates where the vehicle
would perform high resolution scanning for analyzing the performance of the system.

6.3.2.1 Setup of the experiment

The tank facility available at IIS, The University of Tokyo was used to perform these
experiments on an artificially generated seafloor scenario. An artificial seafloor 3m x 2m in
size was setup in the central part of the pool along with three 50cm x 40cm x 40cm boxes on
either sides of this surface to be scanned and analyzed using the landing vehicle in real-time.
These boxes could be detected with the sonar system used during the experiments. The
artificial terrain was generated using wooden panels and corrugated sheets and plastic
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Fig. 6.12. Generated 3D point cloud

obstacles. The corrugated sheets had bumps of 90mm and was considered as the non landing
area. These bumps could not be detected using the sonar system because of insufficient
resolution. The resolution of the laser profiling system was high enough to detect them.
Two corrugated sheets were fixed side by side in the central part of an aluminum frame.
The wooden panels were placed on either ends of the terrain which were possible landing
sites. A plastic obstacle was attached onto one of the wooden planks, which served as an
obstacle to the landing operation. The orientation of the sheets was such that the landing
area was normal to the direction of scanning. The terrain was lowered into the water at a
depth of 8m from the surface and placed on the tank bottom, securing it using ropes. The
setup placed at the bottom of the pool can be seen in the Fig. 6.13.

6.3.2.2 Experimental procedure

The AUV was made slightly negatively buoyant by 3Kgf and lowered into one end of
the tank. The vehicle electronics were powered by an external tether but the thrusters
were powered by an internal battery pack. The scanning sequence start command was
given via an external computer through the GUI interface. For these experiments, the
scanning altitude was set to bm and the scanning speed was set to 0.25m/s. The scanning
speed was kept so because of the small dimensions of the experimental tank so as to
minimize the risk of accidents. These parameters and the initial and final waypoints were
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Fig. 6.13. Setup for evaluating the acoustic scanning and feature detection

provided to the vehicle though the initialization file. Once the command was given, the tank
bottom surface would be scanned by the vehicle along the provided waypoints to capture
acoustic measurements and generate bathymetry data after the scanning was completed.
The data would be then analyzed autonomously using the algorithm to detect areas for
high resolution scanning. For these experiments, the flat landing area between the features
was to be identified by the algorithm as the high resolution scanning areas. The algorithm
would then generate new waypoints for scanning the selected area. The vehicle would then
scan the area between the selected waypoints using a laser profiling system to generate
high resolution bathymetry. For scanning with high resolution, the scanning altitude was
set to about 2m and the scanning speed was set to 0.1m/s. The bathymetry generated was
then analyzed to see if the correct flat area was scanned by the vehicle.

6.3.2.3 Results of the experiments

The vehicle scanned the tank floor using the multi-beam sonar by following the provided
waypoints accurately. The vehicle control system was successful in maintaining the proper
heading and speed calculated by the navigation system. The sonar system functioned
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Fig. 6.14. Experimental procedure for wide area scanning

properly as well as the software driver. The bathymetry was generated after scanning was
completed. The box features could be spotted in the sonar data but not the corrugated
sheets of the wooden planks.

Fig. 6.15. Wide area data collection and analysis; Left: Scanned point cloud, Right: Detected features

From the Fig. 6.15 it can be seen that the algorithm correctly identified the features
from the scanned bathymetry. The flat area was identified so as the rectangular boxes. The
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algorithm also detect the correct region between the boxes as the high resolution scanning
area as required by the survey. The waypoints generated to scan the region can be seen in
the Fig. 6.16.

The high resolution bathymetry scanned between the generated waypoints can be seen
in the Fig. 6.17. The fine features in the artificial terrain such as the rope, the plastic box
and the ripples on the corrugates sheets are clearly visible on the scanned bathymetry. As
it can be seen, the area between the large plastic boxes was rightly selected for scanning.
To evaluate the selection process, based on the placement on the boxes, the ideal scanning
area of a particular size was evaluated. This was then analyzed in comparison to the area
selected by the algorithm.

15+

Fig. 6.16. Left: Flat area detected, Right: Scanning area selected

The vehicle successfully identified the flat area between the objects as the area for high
resolution scanning. The nature of the objects was correctly identified from the wide area
bathymetry. However, since the tank used was small, sonar reflections from the side walls
caused the data to become full of outliers. The outliers in some of the trials generated
errors in the variance map causing the wrong area to be identified for high resolutions
scanning. A small filter was later implemented based on depth and variance to reduce the
outliers. It was difficult to operate the vehicle at a higher speed due to safety concerns.

6.4 Experiments for evaluating the survey method

This section is about the main experiments performed to evaluate the proposed method.
The experiments mentioned in the previous sections were used to develop, edit and enhance
the algorithms and to tune the parameters of the scanning system. For these experiments,
the vehicle was operated with the tether with no external monitoring or communication.
The data collected from the vehicle after completion of the experiments was plotted and
analyzed.
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Fig. 6.17. High resolution bathymetry scanned between the generated waypoints

6.4.1 Objectives of the experiments

The experiments were performed to have an overall analysis of the survey method. Different
stages of the method were analyzed in detail under different experimental scenarios. The
main objectives of the experiments were to test the decision making process for changing

the scanning resolution from acoustic scanning to high resolution scanning.

The main objectives of the experiments are as follows:

The wide area scanning stage was evaluated for its robustness and correctness in
scanning the bathymetry. The algorithm to detect features was evaluated for its ability
to detect the features correctly and to select the appropriate high resolution scanning
area based on the rules of the survey. The algorithm was also tested for its computation
time.

The waypoint generation algorithm was evaluated to generate suitable waypoints
for scanning the selected region with high resolution. The computation time of the
algorithm was also measured.

The accuracy of the high resolution scanning stage in generating the correct bathymetry
was tested. The area detected by the landing algorithm as the flat landing area was
analyzed and compared to the ideal scenario case. The feature detection algorithm was
also tested.

The landing area decision making algorithm was evaluated for its selection of the most
suitable area based on the survey rules.

To perform analysis on the above mentioned points, experiments were performed in a

tank environment at the Chiba Experimental Station belonging to the The University of
Tokyo. Setup was made on the tank floor using artificially created objects. Experiments
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were performed on the same scenario by changing the survey rules and evaluating the
change in the generated multi-resolution map generated by the system. Experiments were
also performed on the same scenario by changing the initial scanning waypoints of the
wide area scan to analyze its influence on the area selected for high resolution scanning
based on the same survey rules. The experimental tank used for the experiments had a
width of 10m, length 50m with a constant depth of 5m. Setup was made on the tank floor
using artificially built features constructed using aluminum frames, wooden panels, plastic
and metal objects to create different scenarios. Various structures were constructed whose
dimensions have been mentioned in Table. 6.2. The objects used for the experiments can
be seen in the Fig. 6.18.

The altitudes and speeds for scanning using the multi-beam sonar and laser profiling
system were provided in the initialization file. The altitude for acoustic scanning was set at
4.25m. The horizontal resolution obtained was about 12.5cm. The sonar range was set to
10m with a vertical resolution of 2cm. The refresh rate obtained was 5 scans/second. The
vehicle scanning speed was set at about 0.4m/s to obtain a forward resolution of 12.5cm.
The Micron DST sonar, mounted on the front of the vehicle for obstacle avoidance was
operated with its scanning sector set to 90° and range of 5m. The laser used for profiling
the seafloor has a fan angle of 64° in water. The camera mounted on the vehicle has
an inclination of 68° to the vertical with a baseline of 845mm between the camera and
laser. The scanning altitude for laser profiling was set at 3.0m. Images from the camera
were captured at 20fps at 640x480 pixel resolution. The horizontal across track resolution
obtained was about 5mm. The vertical resolution obtained was 8mm. To have a sufficient
resolution of 5mm in the forward direction, the scanning speed was set to 0.1m/s.

The initial and final points were also provided to the vehicle in the file along with
the survey rules. For this particular scenario, the rules of the survey were to find ridge
like features, land on the highest flat area of the feature and also identify and land on a
bottom next to the highest flat area. These rules were encoded into the rule file and also
uploaded in to the vehicles main computer. The vehicle then performed the survey based
on these rules to detect the most suitable location for high resolution scanning based on
the features identified.

6.4.2 Experimental Scenario A

The first scenario was made to simulate a terrain where the vehicle has to perform seafloor
observation after landing on the top and bottom of the feature for comparison of the
observed data. Such scenario can be seen in cobalt rich crust slabs along the edges of
underwater sea-mounts where the thickness measurements of the manganese crusts have
to be obtained and compared. Another application of this scenario would be for radiation
measurements in areas on the seafloor where features have been observed. In these areas it
is essential to measure the radiation levels on the top and bottom of the feature to analyze
the effects of the features on the generation of hotspots.
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Fig. 6.18. Objects created for generating scenarios

6.4.2.1 Scenario setup and initialization

Setup was made on the tank floor using the objects built as described in Table. 6.2. The
final configuration of the setup can be seen in the Fig. 6.19. The setup was spread over an
area of 15mx10m.

Table 6.2. Objects used for generating the Scenario A
Object Type Name Dimensions

Slope A 2.4m x 1.2m at 45°
Large flat platform B 2.4m x 1.2m x 1.0m
Small flat platform C 1.8m x 0.9m x 0.5m
Small flat platform D 1.8m x 0.9m x 0.5m
Blue box E 0.9m x 0.6m x 0.6m
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Fig. 6.19. Experimental scenario on the tank floor

6.4.2.2 Experimental scheme

For this experiment the vehicle was operated in a fully autonomous mode without tether.
The initial and final waypoints for wide area acoustic scanning were given to the vehicle
though the initialization file. The safe area box was also defined. The survey rule file was
also provided to the vehicle. Experiments were repeated by changing the initial scanning
waypoints but keeping the same rule file to see its influence on the multi-resolution map
generated. The vehicle would scan the survey area by following the waypoints using the
multi-beam sonar. The bathymetry would be then be generated automatically after the
scanning is completed during which the vehicle would remain stationary and maintain its
depth and heading. The data would be analyzed to detect the features on the seafloor and
select the area for high resolution scanning based on the rules. The algorithm would then
generate the waypoints for scanning with a high resolution. The vehicle would then scan
the selected area from a lower altitude and speed as mentioned in the initialization file
using a laser profiling system. The high resolution bathymetry would then be analyzed
again to detect the features in more detail and also to detect landing areas. The vehicle
would then perform automatic landing on the selected landing spot. The survey scheme
for the experiment is shown in the Fig. 6.20

6.4.2.3 Experimental results

The multi-resolution map generated during the experiments can be seen in the Fig. 6.21.
The depth plot can be seen in the Fig. 6.22. As seen, the vehicle autonomously scanned
(blue track) the area between the given initial waypoints acoustically to generate a point
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[ Slope (A) ] Flat(8) = Flat(C-D) [_] Box(A) A Set1 A Set2

Fig. 6.20. Scenario A experimental scheme

cloud. This data was automatically analyzed and the algorithm was successful in generating
suitable waypoints for scanning the correct area with high resolution based on the survey
rules. High resolution scanning was then performed (red track) along the new waypoints
and this data can be seen overlaid over the acoustic scan. The high resolution bathymetry
data was also successfully analyzed for identifying the attributes of the features on the tank
floor and detecting the flat area on the top of the table as the landing area. To complete
the mission based on the rules, the algorithm successfully generated new waypoints for
scanning more area around the feature with high resolution for finding additional landing
points. The landing algorithm correctly determined landing points at two locations on
the top of the larger table (Point A) and at the bottom of the table (Point B) on the
tank floor along with landing orientations. Autonomous landing was finally performed at
these points (orange track). The experiment was repeated by changing the initial scanning
direction and the vehicle was found to successfully generate a similar map in each case.
The vehicle landed on the tank floor and the table can be seen in the Fig. 6.23.

6.4.2.4 Analysis of results

The experiments evaluated the concept of adaptive multi-resolution survey. The different
modes of operation of the vehicle performed without any errors to complete the overall
survey. The vehicle successfully generated the wide area map by scanning with a constant
speed and altitude automatically. In the absence of the tether, the vehicle motion was
smoother and waypoints could be reached without any difficulty. The algorithm to analyze
the wide area bathymetry detected the correct area as required by the survey rules. The
area was the connected tables.
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Fig. 6.21. Multi-resolution map generated of scenario A

The high resolution scanning was also successfully performed automatically at this
selected area on the newly generated waypoints. The landing algorithm could detect the
landing areas as required by the survey for data comparison. The landing system managed
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2 3 4 [ 7 8 9 5

Fig. 6.23. Vehicle landing on the tank floor and the table

to perform autonomous landing at these areas successfully. The small tank environment
made it difficult to test the system over larger scenario. The effect of the drift in the
navigation sensors and the generated bathymetry was small and could not be thoroughly
analyzed for very wide area surveys. The outliers and errors in bathymetry affected the
bathymetry significantly. The reflection of acoustic signal from the tank walls also caused
error but it was reduced by having a range filter. The vehicle was operated at a slower
speed than possible because of safety reasons. Also since the vehicle did not scan the entire
table feature accurately, the landing point generated was not exactly in the central part of
the table.
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Mode Time(s) Distance(m) [ Speed(m/s) Activity
2 30.6 10.87 0.355 Wide area scanning
15.3 Wide area processing

- 176.2 1480 | 0084 | High res scanning

28.5 High res processing

__ 0.087 High res scanning
8

201 Landing point calculation
9 93.9 Autonomous landing

Fig. 6.24. Timings for different experimental steps during scenario A

6.4.3 Experimental Scenario B

The second scenario was made to simulate a terrain where the vehicle has to obtain seafloor
observation or generate high resolution color bathymetry around a feature. Such scenario
can be seen in areas rich with hydrothermal vents where the vehicle has to detect the
vents from a wide area scan but obtain high resolution 3D bathymetry, photo-mosaics by
scanning with a high resolution. The vehicle might also need to take chemical samples
around these areas.

6.4.3.1 Scenario setup and initialization

To simulate a similar structure on the tank floor, setup was made using some of the objects
constructed as mentioned before. The dimensions of the objects used to prepare the setup
can be seen in the table 6.3. The setup was made over an area of 15mx10m.

Table 6.3. Objects used for generating the Scenario B

Object Type Name Dimensions

Slope A 2.4m x 1.2m at 45°
Large flat platform B 2.4m x 1.2m x 1.0m
Small flat platform C 1.8m x 0.9m x 0.5m
Small flat platform D 1.8m x 0.9m x 0.5m
Metal Steps E 1.0m x 0.6m x 0.6m

6.4.3.2 Experimental scheme

The initial and final waypoints for wide area acoustic scanning were given to the vehicle
though the initialization file. The safe area box was also defined. The survey rule file
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was also provided to the vehicle. Experiments were repeated by changing the rules of the
survey file but keeping the same scenario to see its influence on the multi-resolution map
generated. The vehicle would scan the survey area by following the waypoints using the
multi-beam sonar. The bathymetry would be then be generated automatically after the
scanning is completed during which the vehicle would remain stationary and maintain its
depth and heading. The data would be analyzed to detect the features on the seafloor and
select the area for high resolution scanning based on the rules. The algorithm would then
generate the waypoints for scanning with a high resolution. The vehicle would then scan
the selected area from a lower altitude and speed as mentioned in the initialization file
using a laser profiling system. The high resolution bathymetry would then be analyzed
again to detect the features in more detail and also to detect landing areas. The vehicle
would then perform automatic landing on the selected landing spot. The survey scheme
for the experiment is shown in the Fig. 6.25. The rules of the survey were to find the larger
feature and land along the longest sides of the feature to obtain seafloor measurements.

[ Slope (A) ] Flat(8) = Flat(C-D) [__] Steps(A) A Set1 A Set2

Fig. 6.25. Scenario B experimental scheme
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6.4.3.3 Experimental results

The multi-resolution map generated during the experiments can be seen in the Fig. 6.26.
The depth plot of the vehicle during the experiment can be seen in the Fig. 6.27. As
seen, the vehicle autonomously scanned (blue track) the area between the given initial
waypoints acoustically to generate a point cloud between the initially provided waypoints.
This data was automatically analyzed to identify the larger of the feature. The algorithm
was successful in generating suitable waypoints for scanning the correct area around the
large table with high resolution based on the survey rules.

High resolution scanning was then performed (red track) along the new waypoints.
This was overlaid on the wide area map to show the area with high resolution. The high
resolution bathymetry data was also successfully analyzed for identifying the attributes
of the features on the tank floor and detecting the flat area around the larger table.
To complete the mission based on the rules, the algorithm successfully generated new
waypoints for scanning more area around the feature with high resolution for finding
additional landing points. Additional region on the upper side of the table had to be
scanned for obtaining sufficient bathymetry to detect a landing point (green track). The
landing algorithm correctly determined landing points at two locations on either side of
the table. Autonomous landing was then performed at these locations (orange track).

6.4.3.4 Analysis of results

The experiments evaluated the concept of adaptive multi-resolution survey. The vehicle
successfully generated the wide area acoustic bathymetry map of the tank setup. The
algorithm was successful in identifying the correct feature for high resolution scanning.
The acoustic reflection from the tank walls introduces noise in the bathymetry generated
which affected the results in some of the trials. The navigation system of the vehicle was
successful in maintaining the right heading and depth for scanning. The area scanned was
small and the time required for the experiment to be performed was short. The sensor drifts
were not significant. The high resolution scanning was successfully performed at the larger
table. The landing points were correctly generated on either sides of the table. In some
trials the landing point was incorrectly identified due to wrongly generated bathymetry.
This was caused due to the refection of the laser from the metallic part of the Aluminium
frame resulting in error in laser line detection. Overall the system was found to be reliable
and experiments were repeated many times to successfully identify the correct region for
scanning and landing based on the rules.
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Fig. 6.26. Multi-resolution map generated of scenario B
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Fig. 6.27. Depth plot of the experimental scenario B
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Fig. 6.28. Timings for different experimental steps during scenario B
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Observations and discussions

This chapter provides observations based on the results obtained from the experiments
performed in the tank environment as seen in Chapter 6. Observations are made based on
different aspects of the survey method to evaluate its performance. The final part of this
chapter provides discussion on practical difficulties in implementation of the method for
real ocean applications.

7.1 Survey time

The time required to perform the survey and its advantages are analyzed in this section.
In the Scenario A of the experiments, the total distance covered by the vehicle during
wide area scanning was found to be about 100m?. The vehicle took about 407 seconds
to perform the survey. If the complete scan was performed using high resolution without
landing, it would take over 600 seconds.

The algorithm to analyze the wide area bathymetry would take about 77 seconds to
process an area of 50m x 10m. This is considering a sonar system with swath of 10m and
a forward transit of 50m. Although the time required is not extremely significant, during
this time the vehicle will have to hover above its last position. This may be possible in a
tank environment but not possible in real ocean environments due to currents. Also during
this period, the drift from sensors such as IMU and DVL would be significant causing
further errors in data processing. To avoid this problem, the area will have to be scanned
in small sections. Another solution would be to process the data in real time along with
data acquisition.

7.2 Landing point error

The landing point calculated by the landing system on the table top is analyzed for
estimating the accuracy and difficulties. The ideal landing point on the top of the table is
the centre of the table. The table used is made from plywood with dimensions 2.4m x 1.2m.
With these dimensions, the landing point would be 1.2m x 0.6m at the centre of the table.
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Fig. 7.1. Landing algorithm error estimated from tank observations

The landing algorithm calculated the landing point at 1.28m x 0.52m. The error in the value
of the landing point calculated by the system is because of the green line laser detection,
the minimum 8mm resolution of the system and the the vehicle navigation path. It was
also observed that the vehicle missed a part of the table while performing scanning causing
a slight shift in the landing point.

The landing point where the vehicle actually performed landing after retracing was
found to be worse than the computed point. The final landing point of the vehicle was
1.59m x 0.709m. This gives an error of 0.39m in the x direction and 1.09m in the y direction.
The reasons for errors in the landing point were attributed to two parameters, the sensor
drift as well as the navigation accuracy of the vehicle. The time required for the vehicle
between computing the landing point and final landing was over thirty seconds. During
this time, the DVL sensor would have drifted causing an error in the landing point finally
retraced. Furthermore, the vehicle switches off its thrusters when performing landing on
the floor about 0.5m above the bottom. The residual motion of the vehicle also causes and
error in the final landing point. To overcome this problem, a vision based or SLAM based
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algorithm for retracing the original point is required. This error will become substantial in
the real ocean environments with large drifts in sensors.

7.3 Observations from experiments

This section provides the observations made from the experiments conducted in the tank
environment to evaluate the system.

7.3.1 Environment

Experiments were conducted in a controlled tank environment to demonstrate the survey
method proposed by this research. The tank waters are calm and current free making them
ideal for setting up seafloor scenarios for evaluating the system. In the absence of waves
and currents, the control system of the vehicle could perform navigation effectively to scan
the seafloor. By maintaining a straight scanning line, a nearly rectangular area of the tank
bottom could be scanned. The algorithms at present require the scanned bathymetry to
be free from areas with no data and almost rectangular in shape. In real ocean scenario,
it may be difficult for an underwater vehicle to maintain constant heading and speed in
presence of currents. This shall affect the scanning resolution considerably and will make it
difficult to implement the proposed algorithms in their current form. The features detected
in the tank were sharp and easy to identify which may not be the case with real seafloor
features.

7.3.2 Computation time

The area covered during the experiments was between 15m-20m and the processing time for
analyzing this data was close to 30seconds for wide areas scanning and close to 1minute for
analyzing the high resolution bathymetry. In such a small area the drifts from navigation
sensors such as DVL and FOG were not considered during scanning the newly generated
waypoints or performing landing. When performing experiments over a wide area, the drifts
would be substantial and retracing back the waypoints as well as landing could become an
issue. A more robust data processing algorithm for localization using bathymetry or image
based SLAM would have to be implemented for better positioning accuracy.

7.3.3 Data outliers

The scanned bathymetry is filtered for outliers using a simple depth and mean filtering
algorithm. Even after filtering the data, some outliers tend to remain. During the experiments,
the outliers in the acoustically scanned bathymetry are mainly generated due to the
multi-path reflections from the walls of the tank. In the laser profiling system scanned
bathymetry, outliers are caused due to the particles in the water reflected by the laser and
detected by the camera system. Outliers can create problems in the decisions made by the
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landing algorithm. In presence of outliers a flat area can be detected as one having features
and rejected for landing. In wide area bathymetry, the presence of outliers can cause the
detection of a wrong area for high resolution scanning. A robust outlier detection algorithm
is essential for data filtering without increasing the computational load.

7.3.4 Vehicle hardware

At present the developed vehicle is a test platform not fully capable of operations at
sea. The vehicle has to be equipped with GPS, radio and satellite communications for data
communication and safe operation. The vehicle also needs a more robust navigation system
against currents specially during hovering and slow speed scanning.
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Conclusions and future work

8.1 Research contributions

This research has proposed a survey method allowing autonomous underwater vehicles to
generate multi-resolution maps of a survey area by adapting the scanning resolution in
real-time. Most survey techniques currently used allow autonomous underwater vehicles to
either generate wide area low resolution maps or observe small areas with high resolution,
but not both. The use of autonomous underwater vehicles in complex underwater missions
has been explored by developing a method to detect seafloor features autonomously and
take appropriate actions based on the seafloor parameters being measured. The type of
seafloor properties measured and their relation to the seafloor bathymetry has been used
for allowing autonomous vehicles to make real-time survey decisions which are usually
taken manually. This research has also provided a means for underwater vehicles to land
on the seafloor autonomously without the need of human observation. By providing the
landing feature, these underwater vehicles shall acquire the capability to perform seafloor
observation using in-situ sensors which usually require a ROV with a human operator.
By allowing the user to change the actions taken by the vehicle based on the interest of
the survey using a rule file, the use of underwater vehicles in fully automated seafloor
observations shall be enhanced. The method developed can be easily applied to real
world scenarios such as radiation detection, hydrothermal vent field observation, analysis
of manganese crust sea mounts etc by simply changing the payload sensor for seafloor
observation and the survey rule file. This research has provided a tool for autonomous
exploration of various seafloor features for scientific, economic and environmental purposes.

8.2 Conclusions

This research proposed a new survey method and hardware for obtaining multi-resolution
information from the seafloor based on the sensor used for measurement and the interest
of the survey. To implement data analysis and decision making, various algorithms were
developed to analyze the bathymetry data collected by an underwater vehicle. The
algorithms were designed to be made simple for easy implementation on an underwater
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vehicle. A new decision making system was developed which allows the users to influence
the actions taken by an underwater vehicle by changing the payload sensor and modifying
the survey rule file. A prototype underwater vehicle capable of performing the survey
was designed and developed with specially designed hardware and software. Hardware
for autonomous landing on the seafloor and scanning with different resolutions was
implemented. A software architecture was designed for the vehicle to perform and manage
the data processing and analysis using the developed algorithms fully autonomously. The
system was tested in a tank environment to successfully demonstrate the multi-resolution
map generation and decision making process. The system was validated using different
seafloor scenarios resembling real ocean environments.

8.3 Future Work

The research at present only uses the bathymetry data acquired using the multi-beam
sonar for seafloor analysis. Recent advances have also been made in estimating the
seafloor physical characteristics by processing the sonar back-scatter. This can easily be
implemented on the developed system and the back-scatter classification data can be used
in the decision making process along with the bathymetry data. The camera system used
on the vehicle during the experiments captured black and white images of the seafloor.
Although this camera has good sensitivity and makes the laser line detection easier, it looses
on the color information which can also be extracted from the images. The camera has
been mounted on the vehicle such that a part of it looks vertically downwards. The part of
the images corresponding to the area looking vertically downwards can be stitched together
to generate photo-mosaics in color. Advances have also been made recently in generating
three dimensional color bathymetry from laser profiling system. The color information can
be used in the decision making process while deciding the areas for landing or seafloor
observation. Based on the shape of the bathymetry and the color, classification can be
made on an object level basis and used in deciding in taking the appropriate action. The
algorithms developed during the experiments can be enhanced for better outlier detection
and correction since the detected areas are influenced by their presence. The algorithm
also does so not compensate for large pieces of missing data in the scanned acoustic or
high resolution bathymetry which needs to be tackled in real world scenarios. Robustness
in the algorithms detecting the suitable area for seafloor observation in presence of bad
data, missing data and outliers has to be implemented.

The positioning errors of the vehicle are not dealt with during the analysis of the algorithms.
During large area surveys in real ocean environments, drifts in position estimates of the
vehicle would become substantial and cause errors in relocation of the selected landing
areas or scanning areas accurately. Positioning techniques for navigating the vehicle back
to the correct landing sites can developed based on image and feature matching. A
simultaneous localization and mapping (SLAM) based algorithm based on the images
or features obtained in the multi-beam sonar and high resolution bathymetry can be
implemented for obtaining better positioning estimates of the vehicle. The experiments
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were conducted in a tank environment which is free of currents and easy to monitor the
status of the underwater vehicle. The system has to be made sea worthy by having a GPS,
stronger wireless and satellite messaging service for communication. The vehicle will also
have to be fitted with an emergency ballast release system to surface in case of system
failure. An SSBL or USBL system for tracking the vehicle or an underwater modem for
acoustic communication would also be essential for safe operation in sea environment. For
better hydrodynamic properties and reduction in the drag coefficient during the forward
motion of the vehicle, the hull can be covered in a streamlined fairing. Mounting for sensors
required for seafloor observation have also to be designed. Experiments can be conducted
around several sites around Japan with various applications of the system to different
environments. The system can be used to perform radioactivity measurements around
various locations around the Fukushima No.1 nuclear plant. Further experiments can also
be performed Kagoshima bay underwater hydrothermal vents and other such sites.
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Scanning hardware details

This appendix provides details on the sensors used for scanning the seafloor with different
resolutions. The first part of this appendix explains the hardware for acoustic wide area
scanning. Specifications of the sensor have been provided. The section also provides details
on the equations used to generate three dimensional bathymetry from the sonar scans.
The selection of scanning speeds and sensor resolutions for generation bathymetry have
been explained. The later half of the chapter provides details on the sensor to scan the
seafloor with high resolution. The hardware and operation procedure have been explained
to elaborate on the working of the system. The process of generation of bathymetry from
the sensor data has been elaborated. The parameters affecting the scanning resolution and
the selection of scanning speed and altitude for the system have been mentioned in the
last section.

A.1 Wide area scanning system

For this research, a multi-beam sonar has been used for generation of wide area bathymetry.
The sensor used is an Imagenex Delta-T multi-beam sonar whose specifications have been
mentioned in the Fig. A.2. The sensor has been mounted on to the lower part of the vehicle
facing downwards with the scanning beam normal to the direction of motion of the vehicle.

A.1.1 Scanning hardware

The multi-beam sonar scans the seafloor at about 5 scans/second using an external trigger
command. For the purposed of beam forming the software provided by the manufacturer
(Deltat.exe ) has been used. This is an proprietary software from Imagenex whose source
code is not available and runs only using Microsoft windows. An external protocol for
interacting with the software has been provided by the manufacturer which communicates
over Ethernet TCP. The external command allows the setting of the gain, sector size,
beam-width, averaging, sound velocity, output format, operation mode etc. The sonar can
be operated in the sector, linear, perspective, profile or beamtest mode. For this research,
the sonar was operated in the profile mode.
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Fig. A.1. Coordinate system used for calculations and data processing

The sonar captures one scan of the seafloor each time a trigger command is given. The
format used to capture the data is the 83B beam output format developed by Imagenex.
The format provides the scan data as well as sonar parameters such an beams, sector size,
sound velocity, range, range resolution, ping no, etc. Each beam of the sonar is divided
into 500 bin ranges. For each beam, the bin intensity is provided as a 0-255 value with 255
being the maximum intensity.

Beams width 120° x 3°

No. of beams 120

Opening angle 120°

Range resolution 0.2% Range

Minimum range 0.5m

Maximum range 300m

Frame rate 20 fps max

Interface Ethernet

Fig. A.2. Delta-T Imagenex multi-beam sonar and its specifications
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A.1.2 3D bathymetry generation

A flat tank bottom was scanned using the sonar. A 120 beam x 500 bin intensity reflection
captured by the sonar can be seen in the Fig. A.4. The corresponding scan in the frame of
reference of the sonar can be seen as well in which the tank bottom appears flat.

Fig. A.3. Sonar beam geometry and description of related parameters

To process the sonar data, the geometry of the beam is considered and triangulation
is performed to calculate the horizontal and vertical distance of each point from the sonar
centre. Consider the sonar beam swath seen in Fig. A.3. The sensor location is considered
to be at the origin 0.

For every beam ¢ and every bin j, the X, Ys and Z positions of point b; ;) have to
be calculated in the frame of reference of the robot. «, is the complete opening angle of
the sonar and ¢ is the angle made by the i*® beam and r is the range to point b j)- The
current position and orientation state of the robot is defined by ¢, 6, ¥, X,op, Yrob, Zrob-
If the range resolution of the sonar is 7,..s then we can compute as follows:
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To select only the required points for generation of bathymetry points, a threshold is
applied to the intensity values. Only the bins with values above a certain intensity (between
0-255) are converted to bathymetry points. The rest are rejected. After the entire beam is
processed, the three dimensional points are logged as seen in the Fig. A.5.
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Fig. A.4. Multi-beam sonar data processing; Left:Scanned original data Right:Data corrected for beam
geometry
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Fig. A.5. Generated bathymetry 3D point cloud after data processing

A.2 Laser profiling system

The laser profiling system is a light sectioning method for generating millimeter resolution
bathymetry [49]. The system requires the use of a camera to capture images of the laser
projections on the seafloor. As a result, this system cannot be used from high altitude
scanning because of difficulty in detecting the laser line.

A.2.1 Profiling hardware

The laser profiling system uses a camera and sheet laser assembly as seen in the Fig. A.6.
The laser used is a sheet laser which projects vertically downwards as a fan. The camera
is mounted at an angle to the laser to capture the projection of the laser on the ground.
The laser falls on the underlying surface as a single line profile [50] [51]. This projection
is photographed and recorded by the camera along with the navigation data of the vehicle
which is the three axis position and orientation and time stamp in yyyy — mm —dd — hh —
mm — ss —msec. The images with the sheet laser projection are then processed to generate
high resolution bathymetry.

A.2.2 Bathymetry generation

At first the laser line from the image is extracted. In color images, the pixels in each vertical
column with the highest green value are extracted and their average vertical position is
considered. In black and white images, they are first threshold to a binary imagine with
the white pixels representing the laser line. The average value of the white pixels in each
column is considered as the detected laser line. Once the pixel values representing the laser
are extracted the following triangulation method is applied for converting these to the
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robot coordinates [52]. To convert the detect the laser line into bathymetry, triangulation
is used. At first, for a particular lens of a camera and the baseline between the camera and

the laser, a camera point model is established.

Camera Laser

Fig. A.6. Light sectioning based laser profiling technique; Left: Side view of the setup, Right: Top view

of the setup

For processing the data, consider a camera with pixel resolution in the horizontal and
vertical direction as P, X P,. The opening angles of the camera system along the two axis
are 0, x 6,. The baseline b is the spacing between the camera and the laser assembly. The
mounting angle of the camera system with respect to the vertical plane is 6,. For every
pixel 7 in the vertical plane of the camera going from 0 to P, — 1, the appropriate angle

and the range bins made is calculated.

0, 0y
evi:‘go__
2 +Pv—1

Zi =bx tan(@vi)

For every pixel j in the horizontal plane of the camera going from 0 to P, — 1, the new
baseline is first calculated. The new baseline is then used to find the horizontal angle made

by the pixel and the range bin. The camera range point cloud can then be calculated and

seen in the Fig. A.7.
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Fig. A.7. Ranges calculated for each pixel of the camera image based on the geometry of the setup

The points in the green laser then identified are then selected and the corresponding
values of x:,y:,2¢ are selected from the matrix. The coordinates generated are in the
robot frame of reference. To transform them into the earth frame of reference, coordinate
transformation is performed. For better results, a coupled roll, pitch, way system is assumed
during coordinate transformation. The equations for transformation are provided below.
The roll(¢), pitch(f) and yaw (¢)) of the robot position are measured at the time when
the laser profile was obtained. For the points extracted from the laser profiles, geometrical
transformation can be obtained to generate a point cloud in the vehicles frame of reference.
If the current state of the robot at time of taking the image is defined by roll(¢), pitch(0),
yaw (¥), Xrob » Yrob , Zrob then we can compute as follows:
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Xtemp cospcost cospsinfsiny — singcosy cospsinbcosyy — singsiny X;
Yiemp | = |singcost singsinfsiniy + cospcosi) sinpsinfcosy + cospsiny | x |Y;
Ziemp —sinb cosfsiny cosfcosip Z;

Xh Xtemp Xrob

Yh = nemp + }/mb

Zh Ztemp Zrob

For every laser profile acquired during the scan between the waypoints, bathymetry point
cloud in the earth frame of reference is generated and logged. This data is then processed
using the algorithm explained in the next section of this chapter. The laser profile of a
scanned plastic object Fig. A.8 and the generated point cloud can be seen in the Fig. A.9.

Fig. A.8. Bucket scanned using a laser profiling system

A.3 Bathymetry meshing algorithm

To find the new z values of the bathymetry at the point B,, on the new mesh, the inverse
distance squared rule is applied. Consider the original point cloud and meshed grid in
Fig. A.10. For every point B,,, the number of points from the original bathymetry in the
adjacent squares are identified and their distance from the point are computed. In this case
rl, r2, 3, r4 are the distances computed from B, to points with z values 21, 2o, 23, 24
respectively. Then the new value of Z; is computed using the following:
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Fig. A.9. Generated bathymetry 3D point cloud after data processing

z, Z1
> 7
,e
B
e S
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Fig. A.10. Point cloud meshing using inverse distance squared rule. Red point are on the new meshed
grid. Blue points are those from originally scanned data.

This process is applied to estimate the values of all the points on the new bathymetry
mesh. For those points who do not have sufficient points in the neighborhood, the values

are interpolated in a second round of processing using the bathymetry values of newly
computed points.
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Vehicle mechanical assembly and electronics

This chapter provides details on the mechanical and electrical design components of the
vehicle. The overview of the electronics architecture of vehicle are shown along with
the stacking arrangement in the electronics hull. These can be seen from Fig. B.1 to
Fig. B.3. The circuit diagrams for individual parts of the electronic circuits are shown with
explanations. The later part of the chapter has mechanical drawing of the main cylinders,
the skeleton, wings, landing skids and the overall assembly.

B.1 Electrical schematics

Fig. B.1: Electronics tray design and arrangement
Fig. B.2: Electronics tray components mounting A to D

Fig. B.3: Electronics tray components mounting E to G
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Fig. B.1. Electronics tray design and arrangement; Up: Circuit board arrangement order, Bottom: CAD
drawing of the electronics tray
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Fig. B.2. Electronics tray components mounting A to D
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Fig. B.3. Electronics tray components mounting E to G
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B.1.1 Thruster power and control circuits

The thruster control circuit translates the digital to analog output 0V to +5Vfrom
the MCU to a —5V to +5V using a potential divider and shifter. The revolutions
of the thruster area measured though a digital to analog converter and measured
by the MCU. The thruster main power is provided from the batteries only. The
instrumentation power is provided though a DC-DC isolator. Each thruster has an
independent driver as seen in the Fig. B.4. When the vehicle is powered using an

external source, the thrusters are always powered using the internal batteries as seen
in Fig. B.5

Fig. B.4: Control circuits for thrusters implemented in the vehicle

Fig. B.5: Power circuits for thrusters implemented in the vehicle
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Electrical schematics
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Fig. B.4. Control circuits for thrusters implemented in the vehicle




Appendix B. Vehicle mechanical assembly and electronics

120

BATT
POWER IN

Thruster
MAIN ON/OFF

Thruster ch1
SIG IN/RPM OUT

Thruster ch2
SIG IN/RPM OUT

SYSTEM 24V
POWER IN

CH1-MAIN
BATT1 RL1 7 D1 MBJ48A
; & > TH1
PR | L 3 ]+ ) N
& 4 T
P E— s T 2
MAIN 4 Thruster
o S e — o
D2 G2RL-1A-E-5V CHIRPM
B 6PS-VH
10D1
MAIN-C >
CH2-MAIN D3 MBJ4BA
RL2 7 .
& . TH2
CONTL 1 3 g ! 1
Ewﬁm%_z o —
MAIN-C
MAIN 4 Thruster
o g o2
D4 G2RL-1A-E-5V CH2RPM
B6PS-VH
10D1
MAIN-C >
CHICTLL
CHISIG
CH1RPM
B 3B-XH-A
com
CH2CTLL
CH2SIG
CH2RPM
B 3B-XH-A
com
SYSPOW PS1
1 +IN 1 7 +OUT
CNT
B 2PS-VH T 2 6 [HIRIM.
_rar lec anl, 5 |our
—T—10uF/50v ——
0.1u/50v PSS6-24-12
o

Fig. B.5. Power circuits for thrusters implemented in the vehicle
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B.2 Mechanical drawings
B.2.1 Wing structure

The AUV has a winged structure designed to generate lift during forward motion
of the vehicle. The NACA 651412 profile has been used to generate the basic shape
of the wing. An asymmetrical profile has been selected so that life can be generated
without any angle of attack since the vehicles pitch always remains constant. The

profile of the wing and the finalized three dimensional drawing can be seen in the
Fig. B.6.
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Fig. B.6. Wing profile and CAD design of the wing skeleton and assembly
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B.2.2 Landing skids

The landing skids were designed using PVC pipes to keep the structure lightweight
and easily replaceable as seen in Fig. B.7. The design of the skids has been made
similar to those of a helicopter. They are slightly expandable being made from PVC
but offer good rigidity to the robot structure. The sensors required for seafloor
observation need a flat stable ground below them for acquiring data, hence a flat
design for the skids was considered.

PVC Bar

Nylon bar

PVC Bar

Fig. B.7. Design and assembly of the landing skids

B.2.3 Main cylinders and assembly

The two main cylinders of the vehicle house the electronic components and batteries.
The main cylinder has been made from Aluminum 5056 grade. The design of the
cylinders can be seen in the Fig. B.S.
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Fig. B.8. Mechanical drawing of the vehicles main cylinders. Top: Electronics cylinder, Bottom: Battery
cylinder

Each cylinder has a cap on each end with O-rings for water sealing. The end
caps have a partial flat surface for mounting underwater connectors. The connectors
also have O-rings for sealing. The design of end caps can be seen in Fig. B.9 and
Fig. B.10.
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The main skeleton of the vehicle has been made from Aluminum bars anodized for
oxidation protection. The bars are hollow and have been filled with two nylon bars of
equal sizes. The detailed assembly of the main skeleton can be see in the Fig. B.11.
Holes have been made for fixing the remaining components on the frame. Special
clamps have been made for fixing the main cylinders with bands. The assembly of
the cylinders on the main skeleton can be seen in the Fig. B.12.

A(1:3)

: A. Part 37
B(1:3)
C. Assembly of Part 25 and 37. C
Part 37 inserted into Part 25
I ;
C(1:3)

Fig. B.11. Vehicle main frame design and assembly

Fig. B.12. Vehicle main structure assembly




B.2. Mechanical drawings 127

Special mounting jigs have been using nylon for mounting the camera and and
laser assemble. A nylon wedge has been made to provide the camera the exact
mounting angle with the vertical. The camera and laser assembly can be seen in the
Fig. B.13.

Fig. B.13. Camera and laser assembly

An Aluminum frame has been designed for mounting the DVL and depth sensor
on the main skeleton. The thrusters are connected to the main frame using two
Aluminum rods which pass through the wing assembly. The DVL, depth sensor and
thruster assembly can be seen in the Fig. B.14.

Fig. B.14. DVL, depth sensor and thruster assembly
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Vehicle survey files

This appendix provides details on the initialization and rule files which are provided
to the vehicle for performing the required survey. The structure of the files has been
described along with the parameters explained in detail. Examples of the files which
were used during the experiments have also been included. The next part of this
appendix shows the database structure for recording the features detected during
the wide area acoustic bathymetry analysis. The last part explains the database
structure used for storing the analysis results of the high resolution bathymetry.

C.1 Initialization file

The initialization file is uploaded into the vehicle at the start of the mission. The
file structure is based on an XML. XML which is a markup language primarily used
for encoding documents.

East (Y)

]

North (X)

a d

Fig. C.1. Parameters for navigation provided in the initialization file
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The format of the file has been modified to provide mission details and sensor
initialization parameters to the vehicle. The area to be covered is provided to the
vehicle in the form of waypoints and a safe navigation bounding box as seen in the
Fig. C.1. The different paremeters for vehicle navigation and sensor initializaion are
mentioned in the Table. C.1.

Table C.1. Initialization file navigation parameters

Property Nomenclature Units
No. of waypoints n
Waypoints 2o Yo 20 meters
Ty Yn Zn meters
Safe point a ZTa Ya meters
Safe point b Ty Yb meters
Safe point ¢ Te Ye meters
Safe point d T4 Yd meters

The XML structure of the file is given as below:

< ?xml version="1.0" encoding="UTF-8"7>
<user> Username and Institution Name< /user>
<mission >

<name> Missionname< /name>>

<mode>Mode of operation: Automatic, Manual< /mode>
<point><nops>Number of waypoints< /nops>
Lo Yo <o
Tn Yn Zn
< /point >
<area>
Ta Ya
Ty Yo
Te Ye

Td Yd
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Table C.2. Initialization file sensor parameters

Property Nomenclature Units

Wide area scanning

Scanning altitude Want meters
Scanning speed Woel m/s

Sonar gain Sgain percentage
Sonar mode T Y Point mode (P)
Scan beam angle ag ©

Scan range R meters

High resolution scanning

Scanning altitude H,; meters

Scanning speed Hyy m/s

Camera gain Cyain percentage, Auto (A)
Horizontal opening angle 0 ©

Vertical opening angle 0, ©

Camera mounting angle 0, ©

Baseline b percentage

Camera horizontal resolution H,.qg pixels

Camera vertical resolution Vies pixels

Laser opening angle 0, °

Obstacle avoidance

Scan range R, meters
Scan beam angle ag ©

Sonar gain Sgain percentage

< Jarea>
< /mission>

<scanning >

<sonar >
Scanning altitude in m
Scanning speed in m/s
Sonar gain in percentage

Sonar operation mode
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Scan beam angle
Scan range in m

< /sonar>

<lprofile>
Scanning altitude in m
Scanning speed in m/s
Camera gain in percentage or Auto(A)
Camera horizontal opening angle in deg
Camera vertical opening angle in deg
Camera mounting angle in deg
Baseline in millimetres
Camera horizontal resolution in pizels
Camera vertical resolution in pizels
Laser opening angle in deg

< /lprofile>

<oas>
Sonar range in m
Scan beam angle
Sonar gain in percentage

< /oas>

< /scanning >

An example of the initialization file used during one of the experiments conducted
in the tank environment at the Chiba Experimental station is as follows:

<?xml version="1.0" encoding="UTF-8"7>
<user>MNS, IIS< /user>
<mission>
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<name>Test] < /name>
<mode>Auto< /mode>
<point><nops>2< /nops>
1.56 1.00 0.00
1.78 2.20 1.29
< /point >
<area>
0.0 0.0
0.0 10.0
10.0 10.0
10.0 0.0
< /area>
< /mission >

<scanning >

<sonar >
)
0.35
50

120
)
< /sonar>
<lprofile>
2.5
0.1
A
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60.5
52.5
68
835
640
480
90
< /lprofile>
<oas>
5
90
80
< /oas>
< /scanning >
Currently these are the parameter values that can be configured using the initialization

file. Additional specifications and parameters can be easily incorporated into the file
and the file parsing program.

C.2 Survey rule file

This section of the appendix gives details on the structure of the survey rule file.
The rule file provides the vehicle information about the interest of the survey. This
allows the vehicle to take suitable action once features on the seafloor are detected.
The interest of the survey is decided based on the seafloor property being measured
by the seafloor observation sensor carried by the vehicle. For certain sensors to work
reliably, they need contact with the seafloor. Since landing on the seafloor is time
consuming, the areas which are best suited for observation based on the bathymetry
features should be given priority. The survey rule file provides the vehicle information
which enables it to make decisions for most effective survey outcome. Similar to
the initialization file, the survey rule file is an XML based file. There are several
advantages of using an XML based file system. Parsers for reading these files are
easily available. Structured data makes programing easy. The file is a progressive
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file and sections can be added or removed as per the user. It is easy to add new
features in the future making it suitable for performing future enhancements to the
developed system. The basic structure of the rule file has been given below:

<7xml version="1.0" encoding="UTF-8"7>
<user> Username and Institution Name< /user>
<1nission >

<name> Missionname< /name>>

<sensorid > Type of sensor being used< /sensorid >
<prop>Measured seafloor property< /prop>
<widescan>
<feature>
<shp> Nature of feature for scanning< /shp>
<sha>Area of feature for scanning< /sha>
<shc> Connected or isolated< /shc>
<sho> Orientation of the feature< /sho>
< /feature>
<highscan>
<feature>
<shp>Shape of feature for scanning< /shp>
<shz>Size of feature for scanning< /shz>
<landing>
<nop > Minimum number of points< /nop>
<shp>Shape of feature for landing< /shp>
<lattr>
<lupdw> Landing on top or bottom< /lupdw=>
<lsds> Landing on sides of feature< /lsds>

< /lattr>
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< /landing>
< /feature>
< /highscan>

< /widescan >
< /mission>

To explain the making of the rule file for different scenario, we can consider
the file used for one of the experiments. In this case, the scenario was to simulate
landing around artificial reefs to collected radiation measurements. The mission was
to locate rectangular features and land on the largest of the sides to obtain seafloor
measurements. The first stage required scanning of the scenario using an acoustic
wide area sonar to detect individual objects which are rectangular in shape. The next
was to select the largest of the object and scan that with a high resolution. The last
step was to find landing points along the largest sides and performing landing for

obtaining seafloor observations. The file provided to the vehicle for this mission can
be seen as follows:

< ?xml version="1.0" encoding="UTF-8"7>
<user>MNS, TIS< /user>
<mission >

<name>Tankexpl< /name>

<sensorid >G< /sensorid >
<prop>Rad< /prop>
<widescan>

<feature>
<shp>rect</shp>
<sha>+2.5< /sha>
<shc>iso< /shc>

< /feature>

<highscan>
<feature>

<shp>all< /shp>
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<landing>
<nop>2< /nop>
<shp>rect</shp>
<lattr>
<lupdw>0</lupdw>
<lsds>1+42</lsds>
< /lattr>
< /landing>
< /feature>
< /highscan>
< /widescan >
< /mission>
In the header, the G indicates the Gamma radiation sensor and Rad the radiation
measurement. A list of abbreviations for sensor types has been made. At present
this information is not used. In future work, the sensor type and seafloor property
measured will be used to make presets of the types of features required for a
particular sensor. The area of the feature to be scanned should be more than 2.5sq.m.
The code 142 indicated finding landing points along the largest 2 sides. The code 0

for landing on up and down indicates that the vehicle need not land on the top of
the feature.
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