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Abstract

A novel cooperative controller design for autonomous underwater vehicles is proposed,
implemented and tested. The design procedure follows the basic principles of behaviour-
based systems to create two different biomimetic roles, encapsulating the characteris-
tics of an extremely rare cooperative underwater predator behaviour found in the wild:
bottlenose dolphins group-hunting with division of labour and role specialization. The
behaviour-based model is comprised of an hierarchy with different levels of competence,
interaction and intercommunication between several behaviour modules. Two distinct,
cooperating roles mimicking the driver and the non-driving or barrier members of a
hunting bottlenose dolphins group emerged from the behaviour-based subsumption ar-
chitecture controller designation. This behaviour-based cooperation exploits the driver’s
individual capability, in fact a physical gift, of initializing, coordinating a hunting bout,
detecting and herding the school of fish along with the contribution of non-driving dol-
phins ability to comprehend and follow the driver’s master plan and thus act as barriers
for the fish trying to escape. Both roles are programmed to act upon sensory information
regarding the robot’s environment, provided by a vision sensor module and an inertial
measurement unit. The vision sensor detects colour light targets, classifies them accord-
ing to the experimentation scenario and triggers behaviours’ interaction. The inertial
measurement unit supports behaviours’ navigation and guidance necessities. Controller
testing, under several simulated scenarios, proved the reliability and modular functionality
of the cooperative behaviour-based model and its potential for supporting the autonomy
of underwater robotic vessels commissioned in oceanography, environmental monitoring
and exploration, serving tasks that can easily be seen as an extent of dolphins’ group
hunting. Apart from the simulation, the same behaviour-based controller was tested in
real world, with a prototype autonomous vessel. In this case, due to certain limitations
of the experimental apparatus, the behaviour-based controller implemented an individual
biomimetic role inspired by the real life routines of wandering, hunting, feeding, hid-
ing and nesting exercised by underwater creatures. The individual role, behaviour-based
controller was an effort to approach the sea creatures’ autonomy, observed macroscop-
ically as an inevitable iteration and commutation of distinct behaviour modules, guided
by the overall objective of staying alive. The prototype robot was commissioned as an
experimentation platform for testing the framework of autonomous behaviour-based con-
trollers and materialize the biomimetic metaphor between the maritime environment and
a laboratory experimentation area of 1m3.
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Chapter 1

Introduction

1.1 Water World

Figure 1.1: Water World.

More than 70% of earth’s surface is covered by water. The existence of underwater food reserves was
the first reason for human activities expansion to the water world. Great civilization progress was triggered by
this transgression of human, terrestrially bounded specifications. Ship construction and over seas navigation
changed forever the human interaction with nature. Underwater natural resources, such as fossil fuels along
with the exploration efforts for the vast ocean biodiversity, were the basic reasons to promote marine activities
and research during last century [44].

1.2 Submarines

Combining empirical design solutions with the salutary buoyancy force, pioneer marines conquered offshore
water surface a long time ago, at the prehistoric millenniums. The world underneath water’s surface, though,
was a bleak, hostile place hunted by sea imaginary monsters, until the first decades of twentieth century when
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2 CHAPTER 1. INTRODUCTION

the first world war unleashed a deadly weapon capable of independent operation underwater: the submarine. It
was a monster itself, not at the imagination of Jules Vern but constructed by that era’s state of the art naval
architecture.

The first submarine is ascribed to Alexander the Great by a Hellenic legend. According to the legend, the
fearless warrior’s desire for exploration leaded him to dive to the Indian Ocean, inside a bell shaped, crystal
construction, suspended from one of its ships, during his military campaign to Persia at the fourth century B.C.
Figure 1.2 is a legend depiction on a Hellenic stamp printed in 1977. The first published study for a submarine is
dated back in 1580 when William Bourne, an English dilettante scientist, prescribed a boat with expanding and
contracting structures altering its buoyancy [81]. This innovative technique that would, theoretically, enable
the whole boat to dive underwater and emerge to the surface, was never implemented. After 40 years, in 1620
Cornelius Drebbel, a Dutchman in the service of James I of England, constructed the first submarine and tested
it in the Thames [51].

Several attempts took place during next century, for building underwater crafts, by European or American
scientists and inventors. Figure 1.3 is a design of the Turtle, a military submarine designed in 1775 by David
Bushnell, a Yale College undergraduate, was the first verified submersible capable of independent underwater
operation and movement [141]. Turtle embodied the basic operational requirements of a submarine: the ability
to submerge, the ability to maneuver under water and the ability to maintain an adequate air supply to support
the operator of the craft. To achieve these requirements, Bushnell devised a number of important innovations:

� Turtle was the first submersible to use water as ballast for submerging and raising the submarine.

� It was the first craft to use a screw propeller for maneuvering under water.

� Bushnell invented a breathing device that was part of Turtle’s equipment.

Turtle participated in the operations of the American Revolutionary War. Although it did not achieve
military success, it demonstrated submarine’s operational potentials and triggered a lot of new inventions and
innovations that led, in 1863, to the first mechanically powered boat not to rely on human power for propulsion
and to use compressed air to empty its ballast tanks: the French Le Plongeur [144]. Powered by a compressed
air engine, with a length of 46 meters, width of 7 meters and displacing 400 tons, Le Plongeur was by far the
largest submarine to appear before the twentieth century. At the start of 20th century important technological
evoloutions appeared in submarine development. Diesel electric propulsion became the dominant power system
and equipment such as the periscope became standardized. In 1896, the Irish inventor John Philip Holland
designed submarines that, for the first time, made use of internal combustion engines on the surface and electric
battery power submerged. Holland’s underwater crafts were put into service by navies, which included Great
Britain, Japan, Russia, and the United States [65]. World War I established the use of submarine as the new
naval force of attack, reconnaissance and espionage, operating effectively with range beyond 5.000 miles and
speed of eight knots [32].

During the interwar years, the most notable design developed was the submarine aircraft carrier, acting as a
reconnaissance unit at a time when radar still did not exist, Figure 1.4. A catapult was adapted to submarine’s
deck along with a waterproof hangar for launching and recovering one or more small seaplanes.

World War II had a great impact at the submarine technology evolution, best represented by the German
Type XXI class, the first submarines designed to operate primarily submerged, Figure 1.5. A Type XII class
submarine could dive at a depth of 260 meters, had a range of 15.500 nautical miles surfaced and 385 miles
submerged and could achieve an operational speed of 17 knots surfaced or 16 knots submerged [134].

After 1950 two new technologies were implemented at submarines’ operation: the nuclear powered propul-
sion and the development of equipment able to extract oxygen from sea water. After these progresses a
submarine’s operational range and the submersion periods were limited only by factors like food reserves and
crew morale inside vessel’s limited space, claustrophobic hull. Great achievements like the voyage of USS
Nautilus’ crossing of the North pole beneath the Arctic ice cap in 1958 [13] and the USS Triton’s submerged
circumnavigation of the world in 1960 [24] proved post war submarines’ operational potentials and reliability.
By the year 2000, 47 nations operate more than 700 submarines, almost three hundred of them nuclear powered
while new designs are being pursued in the United States, Germany, Italy, Denmark, Norway, Sweden, and Japan
[81].
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Figure 1.2: Alexander the Great inside the first submarine. This picture is in the public domain.

Figure 1.3: Turtle drawing made by F. M. Barber in 1875 from description left by its designer
David Bushnell. Picture by Naval History & Heritage Command, US Navy/This picture is in the public
domain.

Although the overwhelming majority of submarines were constructed to serve military operations, several
vessels were designed as civil submarines and served tasks like tourism, sea bottom survey, exploration and
biological research, underwater pipeline and cable inspection, sea platforms maintenance and monitoring. Tourist
activities funded the construction of 45 civil submarines during the period from 1985 to 1997, operating around
the world [174]. Recent designs like the deep sea submarine Idabel, Figure 1.6, can transport three people at a
depth of 900 meters, achieving a range of 10 nautical miles, serving tourism, exploration or biological research
[140].

1.3 Unmanned Underwater Vehicle

Nowadays submarines are able to offer high quality military, industry and scientific research services underwater.
On the other hand, their enormous operating cost along with the physical and psychological limitations of their
crew, servicing in such a hostile environment, set hard limits for submarines’ missions. Unmanned Underwater
Vehicles (UUV) were designed to overcome these drawbacks in submarine underwater operations. Since UUV do
not confront the necessity for human life support their dimensions and cost are significantly lower and moreover,
their operation does not suffer from limitations concerning food reserves or crew physical and psychological
fatigue. There are two types of UUV:

Remotely Operated Vehicles (ROV) tethered via umbilical cables to a master facility, usually hosted in
a surface vessel or platform. The cables offer unlimited support of its operation by the means of
power supply and bidirectional, high bandwidth, data transfer. An ROV may be equipped with one
or more manipulators with grabbers or several other tools. It requires continuous human help for all
of its operations such as navigation, positioning and manipulation. ROVs may carry out complicated
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Figure 1.4: British submarine aircraft carrier HMS M2 launching a specially designed Parnall
Peto seaplane. This picture is in the public domain.

Figure 1.5: A Type XXI submarine taken over in April, 1948, by the US Navy, as U-3008 and
used as a test vessel. Picture by Naval History & Heritage Command, US Navy/This picture is in the public
domain.

military, industry, scientific and salvage tasks free of submarine’s limitations and safety issues. Still,
their operational cost remains high, outreaching the daily price of 7.500¿[188], because of the necessary
surface crew support. Moreover ROVs’ umbilical cables introduce the need for a tether management
system increasing the overall cost and complexity of vehicle’s operation. Also an ROV may be lost due
to entangled or snapped tether [188]. ROVs have proved their operational capabilities as commercial
products covering a great variety in pricing, equipment and performance. There are agile and pilot
friendly mini class, low cost models, weighting no more than 10kg with operational depth up to 300m
[57], [68], [60], [167], [92], [93] used at:

� recreational and scientific underwater explorations [124],

� documentary film making since capturing footage in deep, dangerous, and confined areas unattain-
able by divers, for submersion periods without time limitation [122],

� ship, propeller, pipeline, cable and oil platform inspections [153],

� search and rescue inside shipwrecks and other potentially hazardous environments [85],

� nuclear power plants and reactors , tank and hydroelectric structures inspection [88], [76],

� aquaculture fish farms cages inspection [76],

� military and law enforcement [57].

Observation class ROVs have a powertrain up to 40kW, weight up to 500kg and may dive to depths up
to 3000m [164], [91], [94], [128], [95], [123], [97], [57], [68]. Observation class overwhelms mini class
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capabilities with an inevitable cost in agility and pricing. Thus, observation class ROVs are commissioned
to more demanding, open and deep sea tasks like:

� oil and gas pipeline engineering intervention in petroleum industry,

� cleaning debris, sand and mud from deep sea facilities,

� mine countermeasures and torpedo recovery in the military,

� deep sea salvage and accident investigation,

� oceanic scientific research covering aspects of chemical oceanography, rock coring and the study
of thermal vents.

Work and heavy duty is the most powerful classes of ROVs. Featuring a thrust power up to 300kW and
weighting up to 5000kg, these classes’ vehicles are able to undertake the most demanding commissions
of underwater cable servicing and deep sea engineering intervention, even at the outrageous depths of
6000m [94], [97], [90], [151]. At 1995, Kaiko, a 10000kg ROV, constructed by the Japan Agency for
Marine- Earth Science and Technology dived at 10911.4m, inside Mariana Trench, the deepest ocean
bottom on Earth [115]. Eight years after Kaiko was lost due to accidental breaking of its tether during
a research off Shikoku Island [183].

Autonomous Underwater Vehicles (AUV) able to undertake underwater tasks without any sort of external
pilot or guidance support. AUVs are not tethered and so there is no umbilical connection to a master
vessel or any kind of host platform during their undersea commissions. Although the torpedoes may be
considered as the first submersibles presenting autonomous behavior, yet there was no AUV development
until the 1970s. Before that, a few AUVs were built, the first one being the Self Propelled Underwater
Research Vehicle known as SPURV, developed at the University of Washington in 1957 [29]. SPURV
had an operating depth of 3000m, an energy autonomy of 4 hours with the speed of 5 knots and
serviced, until 1979, in scientific commissions like Arctic [131], diffusion, acoustic transmission, and
submarine wakes research. In 1970’s the University of New Hampshire’s Marine Systems Engineering
Laboratory developed the open space frame vehicle EAVE [100]. SKAT was the first AUV built in Russia,
at the Shirshov Institute of Oceanology, OSR-V was the first Japanese and EPAULARD the first French
vehicle in 1970s [177]. The next three decades, until the arrival of the new millennium, was a time of
experimentation with some successes and many failures. AUVs designed and developed until 2000 were
either large, inefficient, expensive, or a combination of all three [177].

Underwater autonomy had to wait for the delivery of innovative technological solutions confronting as-
pects of energy storage, computational efficiency and underwater sensing. Last fifteen years’ underwater
technology evolution triggered the development of 231 unique AUV configurations of 133 vehicle plat-
forms [21]. Although most of the contemporary AUVs is the result of ongoing research and development
in academia [127], [19] and government funded, military [137] or civil [20], [55], [129], [101] services,
underwater technology is nowadays mature enough to present a range of fully functional commercial
products, ready to undertake commission ‘out of the box’ [2], [1], [3], [169], [56], [97], [151] and service
the following tasks:

� coastal and sea bed mapping, beach survey, rapid environmental assessment and monitoring, [124],

� oil and gas fuel industry [14],

� cable deployment and route survey [2],

� military uses including mine detection and countermeasures, explosive ordnance disposal, anti-
submarine warfare, covert intelligence, surveillance and reconnaissance [2], [1],

� geological, geographical and hydro- graphical surveys [102], [82], [7],

� hull inspection [83].
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Figure 1.6: Deepsea submarine Idabel, property of Roatan Institute of Deepsea Exploration.
Picture by Stanley Submarines/Used under permission granted by Karl Stanley.

Figure 1.7: An Oceaneering Remotely Operated Vehicle in an underwater oil and gas field,
operating a wrench torque tool on a valve. This picture is in the public domain.

1.4 Autonomy versus Remote Operation

The absence of umbilical cables grants unparalleled maneuverability and agility to AUVs, compared to tethered
ROVs. The untethered vessel may achieve steep course changes without cable bend radius limitations. It may
also follow rotating paths, enter inside cavities and holes, maneuver through contiguous obstacles, take over
commissions under ice covered sea, lakes and rivers without the risk of entangling or breaking the cable. There
is no danger to lose control or worst, to lose the vessel due to a broken tether or some kind of cable’s failure.
AUV’s operation does not require the support of a tether management system, as does the Figure 1.9. Thus,
no matter how far or deep AUVs are operating, their commission is free of the complexity, the weight and the
cost of such a system. This is a significant advantage, particularly in the case of long range and deep sea
commissions. Tether’s total length may be 5000m or more, resulting to a gigantic, energy consuming umbilical
system weighting more than 15000kg for both the tether management and the launch- recovery system [151].

AUVs’ potential for free movement is exploited by the use of specifically designed gilders. A glider AUV,
instead of using electrically driven propeller, exploits small changes in its buoyancy in conjunction with the
hydrodynamic lift forces exerted on a pair of wings attached to the glider hull to convert its, emerging or diving,
vertical motion to horizontal and thereby propel itself forward. As a result, the vehicle moves through the
water in a saw-tooth like pattern consuming extremely low energy amounts. Pitch and roll are controlled using

http://www.stanleysubmarines.com
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adjustable ballast. Usually, the vessel’s battery plays the role of ballast [187]. Gliders often emerge to sea surface
not only to determine and correct its position estimation using the Global Positioning System (GPS), but also
for land-station contact through a mobile phone link or a dedicated radio link for data transmission and possible
on-line modification of glider mission’s requirements [7]. Navigation is accomplished using a combination of
GPS readings while on the surface and internal sensors’ measurements regarding vehicle’s orientation, depth and
attitude during dives. Gliders are usually commissioned in oceanography [136], [8] where, due to their minimized
energy consumption, may undertake ultra long range offshore missions. On November 2013 SeaExplorer glider
[155] breaks AUVs missions’ duration and distance records, reaching the mythic milestone of 60 days and
1183km of continuous offshore autonomous operation on a single battery. During its two months mission, the
glider averaged 0.5 knots and provided over 1168 profiles of the water column from near surface to 500 meters
deep [6].

Figure 1.8: Autosub 1a Autonomous Underwater Vehicle on surface, ready for recovery. Picture
by StifynTonna licensed under Creative Commons Attribution-Share Alike 3.0 Unported CC-BY-SA-3.0 license,
via Wikimedia Commons.

Figure 1.9: A Nord Stream ROV inside tether management system’s garage, ready for launch-
ing. The garage is tethered to mothership’s launch- recovery system. Picture by Nord Stream
AG/Permission granted.

Figure 1.10 shows Iver2, the evolution of Workhorse AUV [10], a commercially available model indicating
contemporary global market trends for designing and constructing low logistics AUVs. It is developed by

http://www.creativecommons.org/licenses/by-sa/3.0
http://www.nord-stream.com
http://www.nord-stream.com
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OceanServer Technology, Inc. [139] as an 100m depth rating, affordable next generation vessel. Its basic
configuration pricing starts at 57200$ and includes a digital 3 Axis Compass, depth sensor, altimeter inside the
standard 80cm torpedo tube.

The absence of the umbilical cable connection, supporting the autonomous vessel’s operation and navi-
gation, introduces certain technological as well as theoretical challenges [14]. Autonomy in an unknown and
unstructured underwater environment implies a wide range of technical and research topics:

� on board intelligence to pilot the vessel, since there is no remote operator,

� machine reasoning and learning for the ability to react in a reliable way to unexpected situations [102],

� robust and heterogeneous sensory system able to support intelligent techniques inside the noisy under-
water world [38], where vision based systems are not fully reliable due to the generally poor visibility and
color absorption,

� localization and navigation with the lack of GPS support, since electromagnetic transmission of such
signals is impossible underwater [106], [104], [84],

� limited online communication, usually acoustic via a low bandwidth channel, since radio frequencies do
not propagate well in seawater and information transfer, between vehicles as part of a team or between
the vehicle and the surface, become both critical and difficult [38],

� non-linear dynamics, strongly affected by hydrodynamic and added mass effects [22],

� design of energy efficient, low consumption electronic devices, thrusters and actuators since on board
energy resources are limited,

� development of manipulators adapted to AUVs’ specific needs [62],

� high density energy storage, battery recharging using wireless power transfer [16], fuel cell [87] and solar
power [185] technologies.

1.5 Mimicking Nature

Biomimetism and bioinspiration have proved to be innovative tools in AUV design and control. Mimicking
nature in biorobotic projects is like exploiting the results of a worldwide research effort lasting several hundreds
of thousands years: the physical evolution. Often AUVs encapsulate design solutions that lie far from how
nature has evolved in oceans. They use, for example, propeller thrusters for moving instead of fins. Also,
some of them are constructed with open space frames instead of the common eye drop or torpedo shaped
fishes’ silhouette. Still there are several AUVs that inherit, some or most, of their characteristics from the vast
biodiversity of aquatic or amphibious species.

The anatomy of sea creatures has evolved through the ages improving their hydrodynamics and efficiency.
Thus, the design and the mechanical structure of certain AUVs is mimicking the anatomy found in some sea
creatures [79], [133], [142], trying to exploit evolution’s fittest solutions. The torpedo shaped design, adopted by
the majority of contemporary AUVs is mimicking open sea fishes’ streamlined shape. Apart from the structural
design, the physical evolution process has resulted in several undersea [46], [190] or amphibious [47], [184]
locomotion techniques proved to suitable for adequate AUV propelling or swimming.

Biomimetism has affected robot control theory as well. Based on certain observations on animal specific
behaviours, emergent biomimetic control methodologies may be developed to take advantage of the dynamics
of interaction among the layered behaviours themselves and between the behaviours and the environment [126].
In [12] a fundamental assumption is presented: in order for a robot to act autonomously over a wide range of
tasks and environments, it must be capable of exhibiting a variety of different behaviours. This assumption
is supported by ethological observations on the behaviour of animals and differs from traditional approaches
to robot control which have concentrated on the development of a single behaviour, often to the exclusion of
others, featuring intensive use of accurate measurements, numerical models and control theory. Biomimetic
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control proposals like in [28] favour the, necessary for AUV applications, concepts of perception, situation, skill
and behaviour. The same concepts are used to describe human and animal behaviour as well.

Figure 1.10: Iver2 AUV by OceanServer Technology, Inc. Picture by OceanServer Technology,
Inc./Permission granted.

Figure 1.11: Salamander Robotica II, a biomimetic amphibious AUV. Picture by Kostas Karakasili-
otis, Biorobotics Laboratory/Permission granted.

1.6 Undersea Cooperative Robotic Behaviour

AUVs not only operate alone but also in teams, using low bandwidth acoustic or other kind of intercommuni-
cation, as electromagnetic waves do not propagate in seawater. Since autonomous movement eliminates the
danger of entangling tethers, a team of cooperating AUVs may undertake more redundantly and effectively
missions like oceanography and sea bed mapping. Such undersea missions typically have large areas to cover
while AUV are not able to carry heavy payload individually, because of spatial and energy sources limitations.
Therefore, research efforts are being done on multi AUV approaches using strategies like leader follower [48],
artificial potentials and virtual structures [63], mainly in AUV commissions of area coverage. In [39] a generic
multi- agent based layered architecture for designing and specifying AUV teams at a high level of abstraction,
regardless of AUVs characteristics and skills, is proposed following the multi agent systems trend of research,
to compete the drawbacks of previous approaches that:

http://http://ocean-server.com
http://http://ocean-server.com
http://biorob.epfl.ch/page-36354.html


10 CHAPTER 1. INTRODUCTION

� lack robustness, in the case of unstructured environment without any prior knowledge or maps for it.

� are not scalable because they depend on reliable communication. Undersea intercommunication channels
are acoustic suffering from high noise levels and low bandwidth. Thus, the communication transfer rate
is limited, introducing bottleneck phenomena as the number of the AUV team members increases.

� do not cope with a potential team members heterogeneity in the flotilla meaning that different individual
AUV skills and capabilities can not be exploited inside the team and

� and vehicles with lower performance penalize the whole group.

A new computational simple and scalable approach that can very straightforwardly embed any type of phys-
ical or other constraints and limitations, like obstacle avoidance, non linear sensor noise models and localization
fading environments is presented in [108]. This approach claims that navigates a team of AUVs exploring un-
structured dynamic environments, providing accurate static and dynamic maps during oceanographic missions.

Due to the known limitations of underwater communication, the fundamental idea behind the cooperative
approach in [37], based on the formalism of potential game theory is that each vehicle must explicitly include
communication requirements within its overall mission objectives. This way, each AUV team member is able to
balance its actions to maintain a desired communication performance and guarantee fulfillment of its assigned
task.

A common oceanography task performed by AUVs is undersea sampling to produce a map of a given
environmental quantity, such as water temperature, sound speed and sea bed morphology, accurately and in the
minimum amount of time. If the sampling is performed by a team of AUVs, then a sampling strategy must be
chosen to exploit the availability of multiple vessels through some coordination strategy, possibly implemented
in a distributed fashion. In [7] an original algorithm is presented that solves the distributed coordinated adaptive
sampling problem with the additional constraint of limiting the maximum distance between two adjacent AUVs
and preserve underwater communication potentials.

In many offshore, underwater oil and gas field missions, a team of collaborating AUVs is preferred than a
single vehicle, since it provides greater flexibility and redundancy. One significant application of cooperating
AUVs is to inspect underwater oil pipelines where a number of AUVs are required to hover above the pipeline at
identical or different depths along parallel paths, and map the pipeline from different viewpoints using multiple
copies of the same suite of vision sensors. In [98] a specific AUVs’ formation is considered to visually cover
and monitor throughout the pipeline using a new navigating and tracking control scheme based on an adaptive
region boundary approach. The control formulation utilizes a boundary as desired target rather than a region or
a point and in addition, an edge-based segmentation approach is used to allow the team members to navigate
into a desired location on the boundary lines or surfaces, whilst the target itself is moving.

AUVs may also join heterogeneous teams with Unmanned Aerial Vehicles (UAVs), forming a combination
easily adapted to possible changes in both mission objectives and environmental parameters. The sea surface
spatial coverage ability of the UAV combined with AUVs capability to measure various oceanography environ-
mental parameters with high accuracy can be used in open sea missions such as tracking an oil spill, measuring
temperature gradients and harmful algal blooms [166].



Chapter 2

Literature and Contribution

2.1 AUV control strategies

During last decade an outgrowing number of AUV models and control strategies, available either commercially
or as academia research prototypes, were deloped. The extremely noisy and unstructured undersea environment
along with the highly non linear and coupled underwater vessels’ dynamics pose a great challenge for the
design and implementation of efficient and robust robotic controllers. Electromagnetic undersea transmission
of GPS signals is impossible and thus AUV navigational tasks are far more difficult than the ones concerning
autonomous robotic ground or aerial vehicles. Limitations and impediments grow bigger when the control
strategy implements a cooperation task among an AUV team. Instead of several reliable online, indoors or
outdoors available communication choices when experimenting with ground or aerial robots, there is usually only
one undersea choice of communication: acoustic, via a low bandwidth channel. Thus underwater cooperative
control schemes have to explore novel methodologies to confront with this hostile environment.

As a result of AUVs operational potentials expansion during last decade, several control schemes have been
developed and tested in simulation, in harbors, across coastal sea line or offshore in the vast oceanic environment.
These schemes refer to the low level atomic control like, among others, hardware and actuators manipulation,
sensor fusion and image processing. Higher level atomic control strategies, command AUV’s devices, process
sensory input and undertake the decision making task, navigating and guiding the vessel according to mission’s
targets. Moreover, during last years the potential of swarming AUVs under a common task leaded to the
development of novel cooperative control methods or properly adapted versions of already existing ones.

2.1.1 Atomic control

Modular design is one of the basic characteristics of AUV controllers. Distinct controller modules are differ-
entiated according to vessel’s specifications and payload. Stingray AUV, a compact lightweight vessel used in
academia research and international competitions, uses a software architecture that implements a deliberative
control scheme and comprises of individual modules responsible for individual undersea tasks, intercommuni-
cating via a custom proprietary on board messaging system [23]:

1. A navigational module connected to the compass and the pressure sensor that estimates the orientation
and depth.

2. A vision module implementing image processing algorithms of edge detection and Hough probabilistic
transform, programmed and tuned a priori to accomplish a specific colour or object detection and
recognition tasks.

3. A Graphical User Interface (GUI), module for communicating with the vessel’s controller while tethered.
Using this module the user may tune the controller parameters, monitor the data logger and program

11
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Figure 2.1: AUV Control Software developed by OceanServer Technology, Inc as a commercially
available product for Iver2 autonomous vessel. Pictures by OceanServer Technology, Inc./Permission
granted.

the vision module into various object search modes.

4. A planner module implements a deliberative control taking into account missions parameters. It com-
municates with the navigational and vision modules to gather the necessary sensory inputs and produces
thruster commands as outputs of proportional integral derivative, PID, control loops.

PID deliberative control, along with sliding mode control, is a robust and reliable solution used in several
AUV projects [34], [110], where the precise estimation of vessel’s dynamics is necessary. In [116] a dynamic diving
controller based on Lyapunov theory and back stepping techniques was used, assuming a perfect knowledge of
AUV’s dynamic parameters. Then, an adaptive scheme was designed to obtain the desired robustness. The
same technique was used for the problem of trajectory tracking of an under actuated, glider AUV moving in
the vertical plane with the aid of an internal moving mass [119].

A different approach is chosen in [106] for the implementation of a general modular fuzzy logic control
architecture for sonar sensor based AUV navigation in a three dimension unknown undersea environments. Its
advantage is that no assumption is made on the AUV type, the amount of a priori knowledge of the 3-D
undersea environment, or the static and dynamic obstacle size and velocity. The proposed technique comprises
three levels of fuzzy controllers with goal based characteristics when no obstacles are considered or reaction
based characteristics when obstacle avoidance is necessary:

1. The sensor fusion module, responsible for position monitoring and obstacle detection, receives sensory
input and provides information about potential collisions in four main motion directions: front, back,
left, right.

2. The collision avoidance module receives as inputs the calculated collision possibilities together with the
vehicle heading pitch error from a target point and generates the new target point, or the next way
point.

3. The motion control module determines the thrusters’ and fins’ commands in order to reach the goal
point with the target surge velocity. It is composed of five subsystem controllers, the speed control,the
heading control,the depth control,the roll control and the ocean current control subsystems.

http://http://ocean-server.com
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Simulation results proved that the proposed fuzzy logic controller performed well, even for simultaneous roll
control and ocean current presence. In the specific case that the AUV navigational task is undertaken inside
a structured, or known undersea area, the path planning strategy may be accomplished via genetic algorithms
and B-Splines [105].

AUV navigation and localization may, also be accomplished, using triangulation techniques upon laser
pointers or stripe visual traces [103], [49], [112]. These techniques fuse data deriving from laser traces projection
on the image plane and computer vision object tracking algorithms to estimate the position vector of the vessel
and navigate it using a closed loop steering control [109].

Inertial navigation systems and dead reckoning methods provide a self contained passive means for three
dimensional positioning in the open ocean with excellent short term accuracy. Over time, drifting gyroscope
problems introduce errors and degrade navigation accuracy. Such errors may be minimized using simultaneous
localization and mapping methods [179], [178], [18], [61] in conjunction with long baseline systems, which entail
cumbersome and time consuming installation and calibration procedures, hull-mounted short baseline systems,
which have to be rigidly mounted to a vessel hull and are affected by the natural bending of the hull and finally
ultra short baseline systems, which provide factory calibrated and fast deployable systems that are suited for
low cost navigation systems [31], [172], [135], [82].

In the category of commercially available products there has been a great progress on the control software.
Contemporary AUV products provide user friendly GUI software that enables AUV operation without the use
of programming languages for mission planning, hardware and sensor manipulation. Iver2 AUV [10], designed
and constructed by OceanServer Technology, is equipped with an Underwater Vehicle Console Program and
the mission planning VectorMAP software, Figure 2.1. Underwater Vehicle Console Program is a remote
desktop utility that enables user to log on and operate the vessel as long as it is on surface and inside wireless
communication range. OceanServrer’s Console Program operates in compliance with AUV’s safety rules and
facilitates manual operation, sensors’ monitoring and data logging engine deployment. Navigation tasks are
accomplished via a dead reckoning on board system and an integrated active navigation Doppler velocity log
system. VectorMAP is a higher level planning software presenting an intuitive GUI that allows AUV’s operator
to design oceanographic missions easily, alter mission’s parameters on the fly while on surface and extract
completed data files for post processing. It is important to mention that Iver2 is a compact, cost sensible AUV,
its basic configuration pricing starts at 57200$ and includes the licences of the above mentioned control software
modules. It is a characteristic case of a new family of user friendly and affordable AUV control solutions for
research and oceanography commissions.

2.1.2 Cooperative control

Cooperative control assumes that there is, in atomic level, a reliable and robust low level on board controller
for every cooperating AUV team member. Each AUV, following the methodologies described in the previous
subsection, obeys the higher level- cooperative commands and materializes them according to its native low
level atomic controller. Due to the impediments in undersea communication data transfer rates and bandwidths,
multi AUV controllers are developed in a distributed and adaptive fashion [36], [159]. A distributed cooperation
algorithm for a team of prototype AUVs, commissioned in oceanographic sampling applications is described in
[7]. In such missions, the technique of adaptive sampling is used when full coverage is not strictly required
or it is not possible because sensors can only make a point- wise measurement. The adaptivity of sampling
increases the range of spatial sampling wherever the environmental map is rapidly changing, while decreases
it when the environmental map is almost constant. Several approaches make use of a dynamic programming
algorithm which solves the coordinated adaptive sampling problem with the additional constraint of limiting
the maximum distance between two adjacent vehicles in a distributed fashion, taking into account the range
constraint of vessels intercommunication. The cooperation algorithm was tested with a test case scenario inside
a simulated environment and showed an emergent team behaviour in terms of team formation, indicating that
constrained cooperation naturally leads to a coordinated motion.

Multi agent technology principles may also create an architecture to control and coordinate multiple AUVs
in undersea communication deficient environments.The multi agent architecture in [163] exploits a simple
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broadcast communication system in conjunction with real time vehicle prediction to handle the limitations
inherent in multi AUV operations. Another approach to the multi AUV control problem, with capabilities like
multi agent exploration, is described in [35] that proposes a cooperative distributed search algorithm based on
a minimum entropy method.

A cooperative control scheme is implemented in [38] by AUV teams commissioned in surveillance tasks.
The integration of AUVs as mobile nodes of a communication Underwater Acoustic Network (UAN) [86] and
as surveillance assets, acoustically controlled by a command and control centre, serves as a response against
possible intrusions. Each AUV is a node at a UAN comprised of four more fixed nodes and one attached to
a support ship. This scheme’s goal is the implementation of a mission supervisor capable of interpreting and
generating messages to the other network nodes, and to give commands to each vehicle’s native Guidance,
Navigation and Control system, following a back seat driver paradigm [26] and the Mission Oriented Operating
Suite open source software project. The Mission Oriented Operating Suite provides core middleware capabilities
in a publish- subscribe architecture, as well as several intercommunication implementations. The key idea in the
back seat driver paradigm is the separation of vehicle autonomy from vehicle control. The autonomy system
provides heading, speed, and depth commands to the vehicle control system. The vehicle control system
executes the control and passes position, heading, and speed navigation information to the autonomy system.
Thus, each AUV’s mission supervisor, the autonomy part of the controller, must be able to make decisions
and give high level commands to the native control vehicle system, which is solely responsible for the low
level execution of the commands. The mission supervisor is divided into different independent modules each of
which is assigned to a specific task, like centralized decision making or communications. The decision bot is
implemented as an event- driven Mealy finite state machine, which generates an output based on its current
state and input. During a five days testing, the implemented controller solution showed robustness in preserving
network connectivity and group functionality at a basic level without any major malfunctioning.

The Noptilus project presents a new approach that is capable to efficiently and autonomously navigate a
team of AUVs when deployed in exploration of unknown static and dynamic environments towards providing
accurate static and dynamic maps of the environment [108]. Instead of using simultaneous localization and
mapping and target tracking algorithms, a cognitive based adaptive optimization approach [113] is used to
develop a scalable and computationally efficient controller. The controller confronts the problem as if optimizing
the active exploration criterion, that is a function of AUVs’ positions and the environment conditions inside the
area where the AUVs live, like relative positioning of landmarks and targets. This optimization is constrained
by several parameters like the inevitable fading of localization estimations based on IMU, bottom sensing
and depth sensor readings, the non linear noise affecting the sensory inputs, the limited visibility, the obstacle
avoidance and the scalability. Realistic simulation experiments exhibited the efficiency of the proposed approach
presenting certain advantages such as its computational simplicity and scalability, and the fact that it can very
straightforwardly embed any type of physical or other constraints and limitations.

Another cooperative task is the formation control of an AUV team accomplished by the artificial potential
field method based on virtual bodies [64]. This methodology allows for adaptable formation control and can be
used for missions such as gradient climbing and feature tracking in an uncertain ocean environment. A control
strategy for multi AUV formation control is the leader- follower controller implemented in [189] by introducing
the notion of a virtual structure: AUVs with underwater communication rage constraints are divided into some
clusters according to their relative positions and leaders in all clusters can track their desired trajectories based
on a virtual structure. Alternatively an l− φ controller may implement the leader- follower formation strategy,
manipulating both the distance and the angle between the leader and followers to achieve certain given values.
In [84] and [152] a virtual AUV fuzzy logic controller is used to confront the cooperative l− φ controller based
on the assumption that the navigation and obstacle avoidance of the multi AUV formation is converted to
the path planning of the virtual AUV. Another fuzzy cooperative control scheme, described in [107], uses a
behaviour fusion method for the multi AUV system, creating an hybrid architecture of a navigation supervisor
for the leader and follower AUV respectively. Behaviour fusions for the leader and follower AUV employ fuzzy
logic to weight the behaviours using local sensor information and fuse the fuzzy command actions. The fuzzy
actions are weighted by the navigation supervisor and fused through fuzzy reasoning to produce a command
action, from which the final crisp actions for the leader and follower AUV are determined by defuzzification.
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2.2 Proposed cooperative AUV control strategy
The main subject of this dissertation is to design, implement and test a novel behaviour based multi AUV
control model, by taking into account the methodologies, control issues and solutions discussed in the previous
section. The novelty lies in the fact that the proposed model is inspired by and mimics an extremely rare
behaviour found in the wild: the bottlenose dolphins, Tursiops truncatus, group-hunting with a division of
labour and role specialization [75]. Moreover the proposed control model is distributed and its architecture
serves firm simplicity and scalability constraints. A three level hierarchy of behaviour modules was designed to
form an equal number of levels of competence for a cooperative AUV behaviour based model, according to the
behaviour based control principles [126], [33]. It is important to mention that the cooperative controller’s design
and development were made without making any assumptions or computations regarding vessel’s dynamics or
its environment specifications, thus emphasizing on the controller’s potential for modularity, expandability and
applicability to different types of AUVs and missions. The distinct behaviour modules were specifically designed
to encapsulate the two distinct roles in dolphins group hunting: the role of the single driver that initializes
and leads the hunting bout to a detected target of school of fish and the role of two or more non driving or
barrier dolphins that follow their leader. The proposed controller was implemented and tested extensively with
a homogeneous AUV team, comprised of vessels equipped with vision and inertial measurement unit sensors.
The intercommunication between driver and non driving AUV is accomplished via visual light signs produced
by the omni directional colour light source, positioned on top of each vehicle.

The proposed strategy’s special characteristics differentiate it from the control methodologies depicted in
the previous section. Although there have been published works [114], [162], [40], [27], [41] concerning be-
haviour based cooperative AUV control, still there is nothing among them being analogous to the biomimetic
bottlenose dolphins cooperative strategy suggested here. Contemporary multi-AUV cooperative hunting al-
gorithms cover the issues of target searching, formation of dynamic alliance and pursuing to capturing using
complex and demanding methodologies [181]. The dolphin predator biomimetic approach is extremely simple,
uses a finite state machine intuitive representation and may be expanded to cover different underwater tasks
like oceanography and environmental monitoring, security commissions for surveilling territories of interest and
interventions in underwater industry for fault detection. Several experimentation scenarios were conducted,
successfully tested and verified the controller’s functionality and robustness, including:

� coordinating the AUV team members,

� searching of a target,

� pursuing a target after it is detected and verified,

� the final phase of intervention or, using biomimetic terms, feeding.

Contemporary commercially available AUV models are designed to dive offshore [96], [21], a fact that leads
to high experimentation cost in terms of money, time and human resources. Thus, to achieve low logistics
underwater experimentation, Ale III, a compact and agile prototype AUV, was designed and constructed as
an experimentation platform for the suggested control model. The design process was aided by simulation
experimentation as a proof of concept for vessel’s seaworthiness and agility [145]. It uses two lateral thrusters
for surging and yawing. Its third thruster is suited at the vessel’s bottom and adds heaving capability. This
differential way of propelling, along with vessel’s small dimensions, facilitated indoors underwater experimen-
tation inside the premises of Intelligent Systems and Robotics Laboratory of the Technical University of Crete,
during the last three years. The prototype AUV is equipped with an embedded vision sensor module capable
of programming and implementing image processing algorithms. An inertial measurement unit complements
vessel’s perception of reality by estimating its three dimensional orientation. An on board computer provides
adequate computational power for the compiling and execution of autonomous controller programs. PD and
fuzzy PD underwater target following controllers were developed and tested [146]. Ale III was also used for the
testing of an atomic controller version of the proposed behaviour model. The cooperative behaviour model was
tested solely in simulation due to the experimentation area’s dimensional limitations.

http://www.robolab.tuc.gr
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Chapter 3

Construction

This chapter describes the design solutions and the main characteristics of Ale III, a prototype AUV compact
and agile enough for experimentation inside a small tank of 1m3 [146]. Apart from the small dimensions and
agility, the vehicle’s design strategy aims at two additional main objectives: low construction and maintenance
cost and use of open source software and hardware components. Ale III was designed and constructed, as part
of the present dissertation, during the period 2011- 2012 at the Intelligent Systems and Robotics Laboratory
of the Production Engineering and Management School of Technical University of Crete. The prototype was
commissioned successfully inside a specially designed laboratory area for three years of experimentation and
testing, with results described at Chapters 4 and 5.

3.1 Low logistics AUVs

As described in Section 1.3, fully functional AUVs are available as commercial products. In addition, several
prototype AUVs have been developed around the world as a result of completed or ongoing academic research.
Contemporary AUVs are covering a wide range of different designs and operational capabilities in oceanography,
industry and military. One common characteristic among them is the fact that all the available vessels are
designed to dive in the open sea, navigable lakes and rivers or at Olympic sized swimming pools [96], [21].
The dimensions magnitude of contemporary AUVs may be demonstrated by the size and the power demands
of one of the smallest thrusters, available as ‘off the shelf’ component: 23×8cm and 125W respectively [5].
The product range of todays AUVs is useless for experimentation indoors, at a tank inside the premises of a
typical research laboratory’s facilities. Only some fish-like biomimetic AUVs [80], [121], [182], [186], [191] offer
the opportunity of indoors operation, yet the limitations concerning their embedded computational power and
energy storing, restrict their operational capabilities.

Apart from the experimentation area size, another critical issue is AUVs’ logistics. The deployment of an
AUV is quite simpler and its operation is more inexpensive than that of an ROV. Yet, the acquirement cost
for a commercially available AUV model, as well as its operational cost, especially when the last includes the
support of crewed surface vessels, remains high. In recent years there have been efforts to limit AUVs logistics
to more affordable levels leading to a significant increase in the capability of small class AUVs with advances
in navigation, propulsion, control and compact sonar payloads [9]. A range of oceanographic and geophysical
survey instruments can be found on such AUVs, including bathymetric mapping sonars, side-scans and optical
cameras, offering a satisfactory quality, covering current engineering and geophysics requirements in a wide
range of survey tasks [82].

The overall development cost of a prototype or commercially available AUV may also be monitored by
using open source software and hardware [34]. Lately a continuously growing family of hardware and software
products are available under open source licenses with a considerably lower cost than the proprietary ones. Also,
open source philosophy offers, apart from cost reduction, several other benefits to the research and development
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procedure such as:

� fully customizable options,

� modularity along with the ability to use already available resources,

� in situ maintenance opportunity,

� capability for system’s diaphanous modules integration.

Drawbacks like the lack of support and reliability are effectively controlled by the heterogeneous expertise and
the extroversion found at the internet resources of the open source community.

3.2 Components of Ale III

Figure 3.1: Ale III AUV, designed and constructed at the Intelligent Systems and Robotics
Laboratory of the Technical University of Crete.

Ale III, as shown at the photos of Figures 3.2, 3.3, comprises the following parts:

1. water proof hull made of a Deltron 480060 [52] die cast aluminium box rated at IP68 BS EN 60529:1992
[170] ingress protection standard with dimensions 171.5×120.6×106.7cm. This solution was chosen for
the following reasons:

� Simplicity and ‘off the shelf’ availability. The only interventions made to the box were drilling one
opening at hull’s front face for the camera lens’ vision, one at hull’s bottom for the heave thruster
propeller shaft and one at the lid for IMU’s input- output cables, Figure 3.3. A piece of glass
was attached to the lens’ opening, Figure 3.2. All openings were sealed using Sikaflex 291 [160]
elastomeric sealant.

http://www.robolab.tuc.gr
http://www.robolab.tuc.gr
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Figure 3.2: Ale III autonomous underwater vehicle main parts (1) water tight hull, (2) custom
made thruster motor, (3) inertial measurement unit, (4) vision sensor module, (5) ballast
unsealed chamber.

� Ease of access inside the enclosure. Detaching the lid is easy by unscrewing its six securing screws.
Lid is sealed by a self adhesive, reusable hard neoprene rubber seal. Assembling and securing the
box is easy since the lid has seal location lugs to aid seal installation and sealing. Once the lid has
been detached there is access at the full area of the enclosure. This is a great advantage for the
purposes of construction, maintenance and debugging, as proved throughout AUV construction
and operation.

The vessel’s box shaped hull contains vehicle electronics, a vision sensor module, the thruster motor
drivers, the batteries and the bottom thruster motor. Photographs in Figure 3.4 show an alternative
design initially studied and constructed but, finally, rejected. It was comprised of a cylindrical shaped hull
made of PVC tube leading to a more streamlined installation of all the electronics inside the waterproof
hull. This initial design was rejected due to problems pertaining to the ease of access inside the hull,
the attachment of thrusters and the output of batteries’ recharging cables. It should be noted that in
the current version of the vehicle there was no study for hydrodynamic covers design. Such a work was
beyond the scope of this dissertation. Also there were not conducted any pressure tests since Ale III was
designed to operate in depths up to 3m. The hull, assembled with the heave thruster, weights 0.57kg.

2. Custom made thrusters, two lateral attached externally at the hull’s starboard and portside and one placed
vertically onto the hull’s enclosure bottom. The two lateral thrusters offer two degrees of freedom, surging
and yawing in a differential- like way. The bottom thruster adds one more for heaving. This propelling
scheme was chosen for its agility and ability to operate in small areas, a fact of great importance for the
prototype’s design decisions. After a market survey on commercially available thruster models, during
the AUV’s design phase in 2011, the most compact thruster found had dimensions of 23×8cm and a
power consumption of 125W [5]. Since these numbers were totally prohibitive, according to vessel’s
design aims and specifications, a custom made thruster was developed using components from radio
controlled scale models. Each thruster uses a 6V, direct current Graupner Multispeed 140 [77] brushed
electric motor, equipped with a 2:1 gear unit. A 12cm shaft and a 4mm diameter stern tube were
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Figure 3.3: Ale III main parts inside hull’s enclosure, (1) heave thruster placed inside the
vehicle’s hull, (2) processing unit and power supply circuits, (3) vision sensor module and
thruster motor drivers, (4) lid, its seal and IMU’s input- output cables, (5) electronics’ batteries,
(6) motor drivers’ batteries, (7) wireless network adapter antenna. (3), (6) and (2), (5) comprise
stem and stern assembly modules respectively.

properly assembled to the motor, Figure 3.5. The shaft rotates a 29mm diameter Raboesch 108-33
[148] two way bow thruster propeller, selected among the vast variety of commercially available model-
ships’ propellers because of its symmetrical forwards- backwards design: it produces the same propelling
thrust either it is rotating left or right. Several other propellers were tested and rejected because they
could efficiently propel only when rotating in one direction. These one way propellers are not useful
for Ale III driving- propelling since both turning directions are necessary for alternating forward and
backwards in surging movement, diving and emerging in heaving movement and implement differential
yaw turning. The ability of such manoeuvres increases vessels agility and facilitates its operation in
small indoors laboratories. The two lateral thrusters are attached externally to the hull and so a custom
made waterproof housing was designed and constructed for each one of them. Housing’s enclosure was
constructed by drilling and milling a piece of ertalon, a high mechanical strength, stiffness, hardness
and toughness machinable nylon material with excellent wear resistance. The enclosure is secured and
waterproofed by a 1.2mm alumnium lid and a rubber seal. A completed thruster wit shaft and propeller
weights 0.19kg. During experimentation the propelling power of each thruster was estimated at 0.6Nt.
Housing’s blueprint is included in Appendix A.

3. Central processing unit, an Ångström Linux powered, ARM Cortex-A8 architecture Gumstix Iron Storm
Computer- On- Module (COM), on a Gumstix Thumbo dual in-line style breakout board. Iron Storm
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Figure 3.4: Ale III first version, featuring a cylindrical shaped hull and a streamlined positioning
of the electronic devises and batteries.

Figure 3.5: Ale III custom made thruster, (1) thruster housing, (2) lid and elastic seal, (3)
electric motor, (4) gear unit, (5) shaft with stern tube, (6) two way propeller.

COM is a 5.6g and 58×17×4.5mm computer, specifically designed for low power open source embedded
applications [78]. It communicates, via breakout board’s connectors, with AUV’s sensors. It is, also,
equipped with a wireless network adapter, enabling remote login for easier programming and debugging,
as long as the antenna is not submerged in the water. Vessel’s COM is part of the stern assembly, Figure
3.3.

4. Motor drivers, controlling electric motors’ speed and rotation direction. Sabertooth 2×5 dual 5A motor
driver [53] from Dimension Engineering was chosen due to his compact dimensions of 45×40×13mm,
small weight of 19g, high efficiency and compatibility with the direct current brushed electric motors and
the rest of vessel’s electronic devices. Ale III uses two dual motor drivers, one for its two lateral and one
for its bottom thruster. Both of them are part of the stem devices’ assembly, Figure 3.3. Vessel’s COM
generates the appropriate Pulse Width Modulation (PWM) signals and controls both of the drivers.

5. Camera sensor module, supporting AUV’s vision sensing, is a CMUcam3 [43] open source, programmable,
embedded colour vision sensor. The main reason for choosing CMUcam3 instead of a web camera is
that image grabbing and processing is a task undertaken by the CMUcam3 module itself, leaving COM
resources intact for the control process. It is equipped with a fast F2.8 aperture optical lens with 56o
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horizontal, 42o vertical and 70o diagonal field of view, proved to be adequate for AUV’s small sized, low
light experimentation area. For the Ale III project the camera sensor was adjusted to its low resolution
option of 176×144 picture elements. Higher resolutions slowed down the controller execution as an
increase at the CMUcam3 picture elements resulted in computational overhead during scanning the
image sensor. Its dimensions are 57×55×30mm.

6. Inertial Measurement Unit, (IMU) estimating AUV’s orientation in three dimensional space. It is a Spark-
fun Razor SEN-10736 9 degrees of freedom unit, incorporating triple-axis gyro, triple-axis accelerometer
and triple-axis magnetometer [4]. Sharing the same operation philosophy with the CMUcam3 vision
module, it is an embedded microprocessor system with reprogrammable firmware. It serves each COMs
request with a data packet containing the roll, pitch and yaw orientation of the vehicle. Its dimensions
are 28×41×2mm. In this version of ALE III the IMU sensor is positioned on the top side of the vehicle,
away from the interferences caused by the other electronic devices inside the enclosure of the hull box.

7. Logic level converters, to transform COM’s input- output (I/O) 1.8V logic level signals to the levels
found at the I/O of the rest electronic devices. Sparkfun BOB-08745 [4], a two channel logic level
converter is used for COM’s connection to:

� the 5V Transistor- Transistor Logic (TTL) level CMUcam3 camera sensor’s I/O lines.

� the 3.3V TTL level IMU sensor’s I/O lines.

� the 5V PWM motor drivers input control signals.

BOB-08745 is an ultra compact device of 15.2×12.7×2mm.

8. Power supply electronics, for transforming and regulating the electronics battery power supply to:

� 1.8V, necessary for powering an inverter- buffer controlling the serial communication between
IMU and COM. A DE-SWADJ 10W step down, adjustable, switching regulator from Dimension
Engineering [53] is used for this purpose because of its high efficiency of 85%, small dimensions
of and its low adjustable output starting at 1.25V. The 10W rating of DE-SWADJ regulator is
more than enough for the low power buffer operation. It weights 5.5g and its dimensions are
37×15.5×14mm.

� 3.9V, necessary for COM’s more demanding power supply that can reach 0.5A if the wireless
adapter is turned on. A PTN78060WAH 3A step down, adjustable, switching regulator from
Texas Instruments [168] takes over this power supply adequately with an efficiency of 80%. It
weights 3.9g and its dimensions are 25.2×15.75×9mm.

Switching, high efficiency, regulation assures that no excessive electronic heating will happen, even after
long operation periods.

9. Energy storage units, inexpensive 2600mAh NiMH AA rechargeable battery packs, one for the supply of
electronics at 12V and one for the electric motors at 7.2V. Electronics’ power supply battery pack weights
300g, its size is 50×73×30mm and is a part of the stern assembly. Motors’ power supply battery pack
weights 180g, its size is 50×87×15mm and is part of the stem assembly, Figure 3.3. The two different
energy sources assure that the electrical noise, inevitably produced by motors’ operation, will not interfere
with the rest electronics. Also possible instantaneous electric motors’ peak power demands due to heavy
loads will not affect the power supply to AUV’s delicate devices like COM, IMU and CMUcam3. Both
packs were positioned at the lowest part of the sealed enclosure, at hull’s bottom, trying to achieve as
low centre of gravity as possible.

10. Power switch and connector, an eight poles, waterproof Bulgin 400 Bucaneer [156] panel mount connec-
tor, rated at IP68 BS EN 60529:1992 [170] ingress protection standard, has been assembled at AUV’s
stern.Four of its poles are connected internally with the two battery packs and the rest four with the
electronics’ and motors’ power supply lines, see Appendix B. When it mates externally with a specially
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soldered blind cable connector the power supply passes through it, from the internal power supply packs
to electronics and motors. Thus, the blind connector acts as power switch, turned on when in place and
turned off when disconnected. Moreover, when stern’s panel mount connector mates with the alternative
cable connector sourcing external power, the AUV may operate for unlimited period and- or recharge its
battery packs. This trick is extremely useful during experimentation and testing because it may supply
uninterrupted power, for unlimited time period, without recharging intermissions.

11. Ballast, placed inside a wet external chamber, underneath the hull to compensate vehicle’s buoyant force.
A ballast of 0.5kg lead spheres was added at the lowest vessel’s part, inside a pyramid shaped unsealed
wet chamber, to accomplish a slightly positive buoyancy, Figure 3.2. Positive buoyancy is necessary for
vehicle recovery reasons. Due to ballast and batteries positioning, vehicles centre of mass is located quite
lower than its centre of buoyancy, maximizing the righting moment and offering passive roll and pitch
stability, while diving underneath the water surface. The following experiment was repeatedly conducted
to assure vessel’s underwater stability:

� The vessel is manually positioned in an upside down position underwater.

� It is released to move freely.

� During the experimentation all thrusters are turned off.

During all stability experiments the AUV recovers from the upside down position to a stable near- zero
roll and pitch orientation in just a few seconds. A typical stability test is shown in Figure 3.6.
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Figure 3.6: Experiment denoting vehicle’s roll and pitch stability during diving. Initially the
AUV is forced to take an upside down position with all the thrusters turned off. At 3.3 seconds
it is released to move freely and it recovers to a stable, near-zero roll and pitch orientation after
a few seconds

Appendix B contains the electronic devices interconnections schematics and presents system’s hardware
architecture.

3.2.1 Ale III autonomy

Ale III kinematics present three degrees of freedom, surging- yawing and heaving, in a differential driving
fashion, Figure 3.7. Ale III propelling scheme has the same options like ground robots’ differential steering,
plus the heaving motion:

� when both lateral thrusters are propelling forward and rotating with same speed the vessel is moving
straight forward,



24 CHAPTER 3. CONSTRUCTION

Table 3.1: Ale III technical specifications

dimensions 17×21×25cm (L×W×H)
hull aluminium box shaped

thrusters 3, custom made

sensors
vision sensor module
inertial measurement unit

processing unit Ångström Linux Gumstix COM
electronics power consumption 2.5W

thruster power consumption 2.2W at half speed
electronics battery 12V NiMH at 2.6Ah
thrusters battery 7.2V NiMH at 2.6Ah

� when both lateral thrusters are propelling backwards and rotating with same speed the vessel is moving
straight backwards,

� when the lateral thrusters are rotating with different speeds and or different directions then the vessel is
turning accordingly and

� when both lateral thrusters are rotating with the same speed but opposite directions then the vessel is
rotating around its centre.

This propelling method increases vehicle’s agility and manoeuvrability. It was chosen for Ale III due to the limi-
tations in experimentation area’s dimensions. Apart from agility this method offers kinematic control simplicity,
aiding this way to the development of navigational algorithms. This was the reason that the experimentation
was feasible indoors, inside the limited premises of an academic laboratory. Otherwise, if a commercially avail-
able torpedo shaped model was used to test the proposed control models, then underwater experimentation at
the coastal line, with the support of surface ship and crew, would have been inevitable. The cost of a mission
like this would have, also, been prohibitive.

Ale III sensory equipment supports two major perception tasks, typically supporting underwater autonomy:
vision and three dimensional orientation capability. Vision is one of the most important vehicle features,
facilitating several testing scenarios with coloured light targets. Inside the black opaque experimentation tank
filled up with 1.5m3 of clear water the visual noise levels were in general acceptable, vehicle’s VSMP was
operating reliably and thus the implementation of several testing scenarios was feasible. IMU heading and
attitude continuous estimation is necessary for underwater three dimensional navigation and is a standard in
AUVs’ equipment. Vehicle’s IMU along with vision perception produced sensory information, sufficient enough
for the development of autonomous underwater behaviours.

Ale III overall dimensions are 17×21×25cm. Its total weight, including ballast, is 2.6kg. The electronics
power consumption does not exceed the 2.5W while each thruster consumes 2.2W when spinning at half of the
maximum speed underwater. Ale III autonomy is at least two hours as measured during experimentation under
normal conditions. Using a different technology energy source, for example higher density Lithium Polymer
batteries for the motors’ greedy battery pack, will improve energy autonomy by far.

Due to its compact dimensions, propelling method and adequate energy autonomy Ale III manages to
operate successfully inside the experimentation tank, covering the present dissertation’s testing needs in full,
during a period of three years.
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Figure 3.7: Ale III surging and yawing propelling model: (a) when both lateral thrusters are
propelling forward and rotating with same speed the vessel is moving straight forward, (b)
when both lateral thrusters are propelling backwards and rotating with same speed the vessel is
moving straight backwards, (c) when the lateral thrusters are rotating with different speeds and
or different directions then the vessel is turning accordingly and (d) when both lateral thrusters
are rotating with the same speed but opposite directions then the vessel is rotating around its
centre.

3.3 Log Book

Ale III was commissioned in depths up to 1m for more than 500 hours of operation in a period of 16 months.
During this period there was no water leakage problems, neither at the hull compartment, nor inside the
thrusters. The electronics and sensors were functioning normally without the need of any replacement part until
now. The motors also proved their reliability as they were functioning normally over all this time without any
maintenance at the electric motors or the rest of the drive train parts. During the experimentation, the power
supply devices proved to be adequate and there was never observed electronics power loss or overheating.

3.4 Software Architecture

AUV’s electronics hardware devices were carefully chosen to accomplish low cost, small dimensions, minimal
power consumption, easy customization and open source availability. Ale III brains are the combination of a
Gumstix COM and an autonomous controller program. This program is stored on board and starts executing
right after COM finishes the start up process. There are two more programs incorporating with COM’s controller:

� vision sensor module program (VSMP), including frame grabber image processing capabilities. VSMP
is stored on board and executed by module’s embedded microprocessor as reprogrammable firmware,
enabling the implementation of custom frame grabbing and image processing algorithms [43]. At the
current implementation VSMP detects colour targets, estimates their position relevant to the image
sensor’s centre and their size. Sensor’s function is triggered and tuned, macroscopically, by COM’s serial
port communications. CMUcam3 serves each COM’s request with a data packet containing the image
processing results, leaving COM resources intact, devoted exclusively to the robotic controller process.
VSMP is based on open source libraries developed for the CMUcam3 project [43].
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Figure 3.8: Ale III near the water surface.

� IMU module program (IMP), sharing the same operation philosophy with the vision module. IMP serves
each COM’s request with a data packet containing the roll, pitch and yaw orientation of the vehicle,
using serial port bi- directional data transmission. COM is macroscopically manipulating IMPs functions
to acquire vessel’s three dimensional orientation, without consuming any of its computational resources.
IMP is a slightly modified version of the open source sf9domahrs library [157], functioning as an Attitude
Heading Reference System.

VSMP and IMP are embedded C application programs with access to sensors’ hardware and communication
resources. Open source resources and module- based libraries were used as part of their firmware program
routines. COM’s Autonomous Controller Software (ACoS) was developed using C++ programming language
and object oriented environment. It comprises of two parts:

� the Robot class, that uses operating system modules to communicate with the system’s input and
output devices, i.e. the sensors and the motor drivers respectively. It accesses and manipulates the
sensors readings and forwards the control signals to the motor drivers. Robot class is modular in the
sense that for every new device connected to the system a new class member has to be implemented.
The following open source libraries are used in Robot class, customized for ASoC’s specialized needs:

libserial 0.6.0rc1 for simplified C++ serial port programming and communication [120]. LibSerial
provides a class collection that allows simplified serial ports access as with standard C++ iostream
objects [99]. It is used for serial port, bi- directional intercommunication between ACoS- VSMP
and ACoS- IMP.
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Figure 3.9: ACoS Software Architecture.

gpio which allows user- mode access to COM’s General Purpose I/O pins (GPIO) [89]. ACoS manip-
ulates a COM’s GPIO line to isolate a serial port’s receive input line from all electronic signals,
during start up process, see Section B.2.

omap3-pwm , a driver manipulating PWM outputs from COM’s user space environment [58]. Omap3-
pwm driver is necessary for transmitting the ACoS commands to the motor drivers, via COM’s
PWM output lines, see Section B.3.

� the Controller class, encapsulating vehicle’s behaviour. This class receives an input from the Robot class
containing the sensor readings. It processes these data according to the ACoS algorithm and produces
an output that, in turn, is fed back to the Robot class. As soon as Robot class receives controller’s
output, it produces the respective PWM signals to command the motor drivers.

Several behaviours may be developed as different members of the Controller class. In fact, this architecture
permits several behaviours to be programmed and initialized, so that the system user may choose which one of
them to use, depending on the circumstances. All these different behaviour objects of the Controller class use
the same communication protocol to implement the input/output operations with the Robot class.

Software resources reused, modified or developed as part of ACoS and ACoS itself are valid through open
source licenses.
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Chapter 4

Testing Controllers on Ale III

This chapter emphasizes on the experimental modularity of software architecture and in particular of the Con-
troller class. As a result of the open ACoS architecture and COM’s efficient computational resources, different
kinds of robotic controller may be accommodated on board. ACoS architecture enables, if not encourages, the
development of novel control algorithms by the means of:

Designing and editing algorithms’ source code on board, since ACoS supports wireless remote console com-
munication while the vessel is at surface. This is a great tool, not only for developing algorithms but
also for debugging controller programs.

Use already developed software resources as ACoS libraries. This feature enables access to an overgrowing
number of software modules found in the open source C and C++ repositories, decreasing by far the
overall controller development time. It also increases reliability, since repositories’ libraries have already
been tested, debugged and documented by the worldwide open source community. ACoS is by default
fully compatible with software modules implementing methods, typically used in robotics, like fuzzy logic
[149], [72], artificial neural networks [138], [50], genetic algorithms [73], [74] and dynamic programming
[147], [67].

Testing alternative algorithms implemented as distinct Controller classes, without the overhead of program-
ming Application Protocol Interfaces (API) for accessing vessel’s devices. Robot class is ACoS standard
API, offering full access to system’s hardware resources, at least as long as electronics configuration is
the same.

As a proof of concept for Ale III seaworthiness and functionality, two different controllers, a classic Propor-
tional Derivative (PD) and a fuzzy PD were successfully implemented and tested. The experimentation took
place in an indoors laboratory area, specially designed for Ale III.

4.1 Experimentation Area

AUV’s small dimensions offer the potential for indoors experimentation. As shown in Figures 4.1, 4.2 a plastic,
opaque, cylindrical tank, 1.3×0.8m, diameter×height, was established inside the premises of Intelligent Systems
& Robotics Laboratory at the School of Production Engineering and Management. The tank has the proper
drainage allowing easy control of the water surface level and maintenance. This experimentation area was used
extensively, not only for testing and verifying the AUV seaworthiness during the several design and construction
levels, but also for the various ASoC versions development. More specifically, the following tasks were conducted
inside the experimentation area facility, proving its adequacy:

� Thrusters and hull design evaluation, water proof tests, AUV balance and stability verification, energy
efficiency measurements and ballast estimation.

29
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Figure 4.1: Ale III operating at the experimentation area inside the laboratory.

� Sensors calibration, sensors firmware development.

� Controllers evaluation and comparison. Development of ACoS versions for yaw oriented and target-
following controllers. Development of a biomimetic behaviour based ACoS.

4.2 PD Controller Development and Testing

The development of a PD controller, achieving and maintaining a given yaw value, was chosen as a first proof
of concept for ALE III project. This task uses a Controller class member, dedicated to the task corresponding
behaviour and a Robot class member for the IMU and thrusters utilization. Every, approximately, 0.04sec
Robot class communicates with IMP, accesses and forwards IMU’s yaw readings to the Controller class. After
the control process taken under by Controller, the Robot class receives the results to drive the thrusters. The
proportional control factor is given by:

Op = Kpyaw ∗ (φe/φmax) ∗ Pmax (4.1)
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Figure 4.2: The experimentation area inside the laboratory. Ale III operating underwater inside
the experimentation area. It uses the external power supply for uninterrupted operation and
testing.

where Op and Kpyaw are the output and gain respectively, φe is the yaw heading error, φmax its maximum
positive value and Pmax is thrusters max turning speed. The derivitive factor is:

Od = Kdyaw ∗ dφe ∗ Pmax (4.2)

where dφe is the yaw heading error derivative, Od and Kdyaw are the D controller output and gain respectively.
The controller gain values were estimated using experiments, firstly for the proportional one and afterwards for
the derivative gain. Figure 4.3 presents the results of an experiment that encapsulates the controller efficiency
for different parameter values: the vehicle is underwater, with a yaw heading of approximately 0o when, at zero
time, it has to rotate at -115o and after that, it has to change its yaw orientation for 90o every 12 seconds.
The experiment tests controller reflexes after each yaw value reset and verifies controller stability throughout
the interval between two subsequent changes to the target value. Also it verifies IMU functionality, ACoS data
I/O interchange rates adequacy and intercommunication reliability. During testing the developed controller
presented predictable behaviour:

� Increasing Kpyaw results in a more oscillating behaviour around the target value, top plot of Figure 4.3.

� Increasing Kdyaw results in a less oscillating behaviour around the target value, middle plot of Figure
4.3.

� Decreasing Pmax decreases the oscillating behaviour around the target value and results tin a more
delayed approach near it, bottom plot of Figure 4.3.
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Figure 4.3: Yaw PD Controller experiment results for different gain parameters values. The
vehicle is underwater, with a yaw heading of approximately 0o. At 0 seconds, the PD controller
takes over and it has to change its yaw heading to -115o. Subsequently, it has to change its yaw
orientation for 90o every 12 seconds. The plot at the top shows the results for Kpyaw = 1.2,
Kdyaw = 0.003, Pmax = 1500, the plot at the middle for Kpyaw = 1.2, Kdyaw = 0.005,
Pmax = 1500 and the plot at the bottom for Kpyaw = 0.8, Kdyaw = 0.005, Pmax = 1000.
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4.3 Target Following

Figure 4.4: System’s configuration for the target following scenario: (1) Light Target, (2) Vision
Sensor Module, (2.1) Image Sensor, (2.2) VSMP Frame Grubber and Image Manipulation Pro-
gram, (3) ACoS Engine executing at the memory of Computer On Module, (3.1) Proportional
Derivative and Fuzzy Logic alternate Controller classes, 3.2 Robot class, (4) Motors’ Drivers
Module, (5) AUV’s thruster motors.

The vehicle’s second control test is divided in two parts. In the first part Ale III uses a PD controller designed
in a similar way like the one presented in the previous section. The second part involves the application of a
fuzzy logic controller. Both controllers are implemented as two versions of the ACoS that repeatedly manipulate
the motors’ turning speed, using information collected from the camera sensor, Figure 4.4. More specifically,
each controller’s tasks involve:

detecting a white light target moving freely inside the tank of the experimentation area using vehicle’s vision
sensor and VSMP light and colour detection capabilities,

estimating the detected target’s relative orientation in respect to vehicle’s position using VSMP tracking
capabilities and target’s trace on sensor’s pixels map,

approximating the target’s distance from the vehicle by measuring its trace’s surface on sensor’s pixel map,

deciding what will be vehicle’s next move according to the target following algorithm rules,

interpreting the next move’s decision as rotating speed and direction commands for the three thrusters.

This target following task demonstrates the ACoS autonomous capabilities and tests the vessel’s overall dy-
namics. Following the arbitrary three dimensional target course indicates the vessel’s seaworthiness, thruster
efficiency and underwater stability. When the target stands still vessel’s hovering capabilities are tested. Low
target speeds and steady paths are used for continuously evaluating the ACoS stability and reliability while larger
speed levels, sudden target accelerations and steep course changes evaluate its robustness and the vessel’s kine-
matics model efficiency. Finally, the underwater target following scenario tests the vision sensor’s functionality,
the ACoS- VSMP data I/O interchange rates adequacy and intercommunication reliability.
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Figure 4.4 presents the data and signals exchange between the ACoS and system devices, i.e. the vision
sensor module, the COM and the motor drivers module. Both alternate controllers repeat approximately 5
control cycles per second. Every one of these cycles consists of the following parts:

1. The Robot class program part accesses the vision sensor module’s results CentroidX, CentroidY and
pixelsNumber. The module computes the former values using the custom firmware VSMP, manipulating
the white light target pixels scanned by the camera sensor. CentroidX and CentroidY values depict
target’s central point, the so called centroid abscissa and ordinate. These values are estimated as the
sum of the tracked pixels’ abscissas and ordinates, divided by their total number. The centroid point is
an indication of the target’s position relative to vehicle. pixelsNumber is the total number of pixels
detected. It is an indication of the distance between vehicle and target.

2. The Controller class program part computes the derivatives of CentroidX and CentroidY .

3. The controller software engine, inside Controller class, computes the motor control variables leftMotorPower,
rightMotorPower and bottomMotorPower and passes their values to the Robot class. These variables
correspond to the thrusters rotating speed.

4. The Robot class, using COM resources, forwards the output control values to the motors’ driver unit.
The motor drivers actuate the thrusters and move the vehicle.

4.3.1 Target following PD controller

Figure 4.5: CMUcam3 snapshot during target following.

The PD target following controller output is synthesized by the yaw (4.3a) , heave (4.3b) and surge (4.3c)
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coordinates,

Oyaw = Kpyaw ∗ χe ∗ PsurgeMax

+Kdyaw ∗ dχe ∗ PsurgeMax (4.3a)

Oheave = Kpheave ∗ ψe ∗ PheaveMax

+Kdheave ∗ dψe ∗ PheaveMax (4.3b)

Osurge = Kpsurge ∗ (ρ− ρ⊕) ∗ PsurgeMax

+Kdsurge ∗ dφe ∗ PsurgeMax (4.3c)

where

χe is the CentroidX error, that is, the target’s centroid abscissa deviation from the camera sensor frame’s x
axis centre, CentroidX − resh/2, where resh is the camera’s sensor horizontal resolution,

ψe is the CentroidY error, that is, the target’s centroid ordinate deviation from the camera sensor frame’s y
axis centre, CentroidY − resv/2, where resv is the camera’s sensor vertical resolution,

dχe is the derivative of χe,

dψe is the derivative of ψe,

ρ is the pixelsNumber variable, used by the controller to monitor vehicle’s distance from target,

ρ⊕ is ρ’s target value,

ρt is a tolerance margin value depicting ρ’s acceptable range around the ρ⊕ target value,

PsurgeMax, PheaveMax are lateral and bottom thrusters maximum rotating speed,

Kpyaw, Kpheave, Kpsurge, – Kdyaw, Kdheave, Kdsurge are the proportional and derivative gains respec-
tively of yaw, heave and surge. Their values were estimated using recurrent experimentation. At first,
the proportional gains were figured out using uncoupled motion commands, for example solely for surge
movement. Afterwards, the corresponding derivative gain was added to the uncoupled motion command
and tuned in with respect to the proportional one. Finally the all the gains were fine tuned using motion
commands for coupled surge, heave and yaw turning movements.

Figure 4.5 shows the CMUcam3 sensor image parameters for the target following task described above. The
quantity dχe is related to the submarine’s yaw rotating speed and target’s lateral movement. If the vehicle is
kept stationary, a dχe value of 200 is equivalent to a left heading target course, causing an increase of 25 pixels
to the target’s centroid abscissa at the camera sensor frame, during one controller time step of approximately
0.13 seconds. The quantity dψe is related to the submarine’s heave speed and target’s vertical movement. If
the vehicle is kept stationary, a value of 160 is equivalent to an upwards heading target course, causing an
increase of 21 pixels (in analogy to the previous paragraph’s higher resolution x axis movement of 25 pixels) to
the target’s centroid ordinate at the camera sensor frame. The control process aims at keeping ρ value as close
as possible to ρ⊕ target value determined by the vehicle user, according to the light target and experimentation
area characteristics. Distance PD control is activated whenever ρ value is outside the range of [ρ⊕−ρt, ρ⊕−ρt].
When ρ⊕ is 600 pixels then the submarine is approximately 30cm away from the spherical, 4cm diameter, light
target used for the tests.

The target following PD controller was tested inside the experimentation area using a scenario where the
white light target was departing away from the vehicle, following a sinusoidal - up/down course. The vehicle
managed to follow the target without significant errors that could lead to target disappearance from camera’s
field of view, Figure 4.6. The third, fourth and fifth plots from top show leftMotorPower, rightMotorPower
and bottomMotorPower controller outputs for left, right and bottom thruster propelling power accordingly,
where:

leftMotorPower = Oyaw +Osurge (4.4a)

rightMotorPower = Oyaw −Osurge (4.4b)

bottomMotorPower = Oheave (4.4c)
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Figure 4.6: ‘Light target following’ Proportional Derivative controller experimental results,
where the first plot from top shows target’s centroid dχe and ψe errors. The second plot shows
the ρ value when ρ⊕ = 600 and ρt = 200. Next three plots show the controller outputs
for leftMotorPower, rightMotorPower and bottomMotorPower thruster power controller
output variables accordingly.



4.3. TARGET FOLLOWING 37

At this experiment ρ⊕ and ρt values are 600 and 200 pixels respectively. Distance control is activated whenever
pixelsNumber value is outside the acceptable range of [400, 800]. The maximum errors are max | χe |= 73,
max | ψe |= 71 and their mean values are mean | χe |= 23.2, mean | ψe |= 19.8. Experimental area’s small
dimensions result in target movements to a nearby proximity with the vessel, causing inevitable steep changes
at χe and ψe values, that in turn burden controller task and increase mean | χe | and mean | ψe |. An increase
at ρ⊕ value, though, would require a respectively larger underwater area for controller testing and evaluation.

4.3.2 Fuzzy Logic target following controller

As an alternative to the PD control, a Fuzzy Logic (FL), ‘light target following’ controller was developed. In
this case a FL ACoS Controller class was programmed using FuzzyLite v1.5, an open source multi platform
Fuzzy Logic Control Library, also written in C++ [149]. The choice of FuzzyLite library was based on the fact
that its advantages are fitting well with Ale III project’s specifications: it is a very simple, compact but easy to
extend, object-oriented and light-weight fuzzy logic programming framework. It requires no additional libraries
other than the Standard Template Library included in the C++ Standard Library and guarantees high speed
performance. The FL controller uses the same input and output variables with the PD controller but fuzzifies
their values according to the membership functions of Figure 4.7, converting their crisp values to the following
fuzzy logic linguistic variables.

� Input Variables

– CentroidXfz, fuzzifies CentroidX variable with range [0, 176], since the horizontal camera res-
olution is 176.

– CentroidYfz, fuzzifies CentroidY variable with range [0, 144], since the vertical camera resolution
is 144.

– dCentroidXfz, fuzzifies the CentroidX derivative.

– dCentroidYfz, fuzzifies the CentroidY derivative.

– pixelsNumberfz, fuzzifies pixelsNumber.

� Output Variables

– left−right−bottomMotorPowerfz, fuzzify left−right−bottomMotorPower thrusters power
values.

Triangular symmetric membership functions were chosen to maximize the fuzzy logic library computation
performance [54], [173]. Other kind of functions, as Gaussian for example, leaded to slightly longer controller
step periods due to their increased computational demands compared with the triangular symmetric functions.
Recurrent experimentation showed that five membership functions were enough for the quantization of the
variables’ ranges. Adding more functions had no positive influence to the controller’s behaviour, while using
four or less functions leaded to unstable overshooting behaviour. Mamdani type fuzzy rules with centre of
gravity defuzzifier produce the controller output. The fuzzy rules database contains rules associating:

� CentroidXfz and dCentroidXfz antecedent inputs with the consequent outputs of leftMotorPowerfz
and rightMotorPowerfz, Table 4.1. Each table element comprises of two symbols: the first refers to
leftMotorPowerfz and the second to rightMotorPowerfz. Table 4.1 symbols ⇑, ↑, ?,⇓, ↓ denote
propelling force of full ahead, ahead, stop, astern, full astern respectively. Linguistic variables symbols
for CentroidXfz are vR for very right, R for right, C for centre, L for left and vL for very left. For
dCentroidXfz are qtR for quick turn right, tR for turn right, noT for no turn, tL for turn left and qtL
for quick turn left.
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Table 4.1: Rules associating CentroidXfz and dCentroidXfz antecedent inputs with
leftMotorPowerfz and rightMotorPowerfz consequent outputs.

CentroidXfz

d
C
en
tr
oi
d
X

f
z vR R C L vL

qtR ⇑⇓ ↓↑ ⇓⇑ ⇓⇑ ⇓⇑
tR ⇑⇓ ?? ↓↑ ↓↑ ⇓⇑

noT ⇑⇓ ↑↓ ?? ↓↑ ⇓⇑
tL ⇑⇓ ↑↓ ↑↓ ?? ⇑⇓

qtL ⇑⇓ ⇑⇓ ⇑⇓ ↑↓ ⇓⇑

Table 4.2: Rules associating CentroidYfz and dCentroidYfz antecedent inputs with
bottomMotorPowerfz consequent output

CentroidYfz

d
C
en
tr
oi
d
Y
f
z vU U C D vD

qhU ⇑ ↓ ⇓ ⇓ ⇓
hU ⇑ ↑ 0.3 ↓ ↓ ⇓

noH ⇑ ↑ ? ↓ ⇓
hD ⇑ ↑ ↑ ↓ 0.3 ⇓

qhD ⇑ ⇑ ⇑ ↑ ⇓

� CentroidYfz and dCentroidYfz antecedent inputs with bottomMotorPowerfz consequent output,
Table 4.2. Table 4.2 elements’ symbols have the same meaning as in Table 4.1. The subscript number
accompanying a table element symbol denotes fuzzy rule’s firing strength. Linguistic variables symbols
for CentroidYfz are vU for very up, U for up, C for centre, D for down and vD for very down. For
dCentroidYfz the symbols are qhU for quick heave up, hU for heave up, noH for no heave, hD for heave
down and qhD for quick heave down.

� pixelsNumberfz antecedent input with leftMotorPowerfz and rightMotorPowerfz consequent out-
puts, Table 4.3. Table 4.3 elements’ symbols have the same meaning as in Table 4.1. Linguistic variables
symbols for pixelsNumberfz are vS for very small, S for small, T for target value, B for big and vB
for very big. Distance control is activated whenever pixelsNumber variable’s crisp value is outside the

Table 4.3: Rules associating pixelsNumberfz Antecedent Input with leftMotorPowerfz and
rightMotorPowerfz Consequent Outputs.

pixelsNumberfz
vS S T B vB

l/rightMotorPowerfz ⇑⇑ ↑0.3↑0.3 � ⇓⇓ ↓0.3↓0.3
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acceptable range of [ρ⊕ − ρt, ρ⊕ − ρt], as denoted in subsection 4.3.1.

The FL controller was tested with the same scenario as the PD one, producing analogous results shown
in Figure 4.8. The first two figure’s plots show controller input values. These values are fuzzified to the
antecedent inputs CentroidXfz, dCentroidXfz and pixelsNumberfz . Next three plots show FL con-
troller’s defuzzified values for the consequent output variables leftMotorPowerfz, rightMotorPowerfz and
bottomMotorPowerfz. During experimentation the vehicle successfully follows the light target’s course with-
out overshooting and significant deviations. The FL control procedure is deemed adequate for achieving this
kind of behaviour, requiring yaw, heave and surge control. In the experiment described in Figure 4.8, the
maximum errors were max | χe |= 83, max | ψe |= 65 and their mean values are mean | χe |= 29.4,
mean | ψe |= 21.8. The maximum roll and pitch errors are max | rolle |= 18o, max | pitche |= 8.3o and their
mean values are mean | rolle |= 0, 82o, mean | pitche |= −4.18o respectively. The main difference between
the two controllers appears to be a smoother behaviour for the fuzzy one, throughout the diving tests inside
the experimentation area. The PD controller, though, had better performance during experiments including
sudden light target course changes.

4.4 Vessel’s Stability and Seaworthiness

As stated in Section 3.2 Ale III has quite lower centre of gravity in comparison with its centre of buoyancy,
because of the positioning of heavy objects, like the ballast and the two battery packs, as low as possible. This
fact offers a passive stability around the horizontal position and immediate roll and pitch correction as a result
of vessel’s righting moments.

Apart from Figure’s 3.6 test, the vessel’s underwater stability is indicated by the last plot of Figure 4.8,
showing the roll and pitch orientations during the FL controller testing: the deviation from the roll and pitch
balance position is negligible throughout the diving experiment. In this plot, the roll value has a continuous
deviation from the horizontal level of approximately -5o. This is not due to the real vessels inclination but due
to IMU sensor accumulated drifting error, a common issue for this kind of sensors.

During the underwater experimentation with FL and PD controllers the vessel’s seaworthiness was verified
under conditions of hovering and coupled yawing- heaving and surging movements. Controllers’ commands,
incorporating vessel’s passive roll and pitch stability, adequately responded to target’s three dimensional course.
During all testing scenarios Ale III AUV was able to maintain a steady positioning, while its light target was
standing still. Also, vessel’s propelling method successfully encountered hydrodynamic drag and added mass
effects, enabling thus its three dimensional target following navigation without noticeable hysteresis or overhead
phenomena. Vehicle’s underwater manoeuvres were fully controllable and predictable without oscillations or
inclinations, not only under hovering conditions but also when following a nimble three dimensional underwater
course.

4.5 Conclusions

Ale III a prototype low cost AUV, sharing the open source philosophy, capable of indoors underwater operation,
experimentation and testing was developed. Different versions of ACoS emerged as a proof of concept for
vehicle’s operational potentials. The proposed ACoS architecture simplifies the design and programming of
control processes. PD and FL controllers were easily evolved and proved to be adequate inside the custom
made experimentation area. AUV’s sensors proved to be reliable underwater. Their embedded design was fully
compatible with COM’s communication protocols and supports high performance computing. System crashes
were extremely rare, even after several hours of experimentation and testing.

Ale III ACoS demonstrated its potential for implementing efficient controllers and act as basis for the
development of more complicated robot behaviours. Its modularity enables the design, development, debugging
of controller programs and also the evaluation of different control methods. Controller programs may be
implemented by controller classes edited from scratch or by combining source code from already developed
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Figure 4.8: ‘Light target following’ Fuzzy Logic controller experimental results, where the first
plot from top shows target’s centroid dχe and ψe errors. The second plot shows ρ value
when ρ⊕ = 600 and ρt = 200. Next three plots show the controller defuzzified outputs
for leftMotorPower, rightMotorPower and bottomMotorPower thruster power variables
accordingly. The last plot depicts vessel’s roll and pitch stability throughout the experiment.



42 CHAPTER 4. TESTING CONTROLLERS ON ALE III

classes. Robot class administers ACoS standard API and handles the compatibility issues between ACoS and
system I/O devices. The PD controller class was designed and developed by editing a novel source code. As
soon as PD controller class was tested and debugged a novel FL controller class was easily developed by including
the FL library to a slightly altered version of the PD class source code. It was a straightforward process that
resulted to a novel control program based on available tested software resources.

After the several project phases of controller design and implementation, it was clear that the use of a tank
with bigger dimensions, at least 2.5m diameter and 1.5m height was necessary. Increased dimensions would
provide the necessary area for experimenting with several other scenarios and with more than one Ale III - class
vehicles. Using the experimentation area described at the previous sections, came out the conclusion that for
every new vehicle added to the scenario, an addition of at least 1m3 should be made to the tank’s volume.

Another issue worth dealing, that could improve the experimental results, is the addition of special equipment
to estimate each vehicle’s absolute position inside the experimentation area. For example, placing an external
camera at some height above the tank’s centre, watching downwards, would make it possible to track a special
light sign located at the vessel’s top and would estimate its absolute position on the horizontal plane.



Chapter 5

Behaviour Based Biomimetic Control

5.1 Behaviour Based Control

Sea creatures, even the most simple ones, take part in a persistent survival race where sensing of the surrounding
environment conditions, quick reasoning, and acting are issues of great importance in their everyday living.
Natural evolution has endowed underwater creatures with brain abilities like decision making based on incomplete
and noisy perception and physical capabilities like swimming, feeding and reproducing, that no robot constructed
until now can macroscopically compete. Autonomy is a given characteristic found in all the ranks of underwater
life biological classification.

Robot autonomy requires, among others, a robust control method. Contemporary research efforts have
developed a large number and variety of distinct robot control schemes that, fundamentally may be divided in
four classes [126]:

Deliberative- Think, Then Act methods, based on a sequence of sense- plan- act steps. The robot exploits
the wholeness of its resources, sensory data, computational capabilities, knowledge and experience stored
in its internal memory, to make a decision about its next step.

Reactive- Dont Think, (Re)Act implements the extremely common physical characteristic of stimulus- re-
sponse. The sensory data are tightly coupled with the robot effector’s outputs. Typically there is no
intervening reasoning and the control procedure reacts directly to stimuli emerged from changing and
unstructured environments. Instead of the deliberative, the reactive method does not feature acquisition
or maintenance of world models.

Hybrid- Think and Act Concurrently aiming to combine the best aspects of the two previous methods.

Behaviour Based Control- Think the Way You Act method is structured with interacting modules, called
behaviours, that collectively achieve the desired robot behaviour [130]. Behaviours are programmed as
control modules that cluster sets of constraints in order to achieve and maintain a goal. Each robot
behaviour receives inputs from its sensors and- or other behaviours and provides outputs to its actuators
or to some other behaviours [15]. There is no centralized reasoning or world representation used by
the deliberative methods. Also, behaviours do have state and can be used to construct representations,
thereby enabling reasoning, planning and learning instead of reactive control’s immediate and myopic
responses, without representation, to a fast changing environment.

The choice of the right robot control methodology should be based on its particular characteristics, its
task specifications and the overall environment conditions. In the present work, a behaviour based approach
was selected for the implementation of Ale III underwater control. The vessel’s task was to present inside
the laboratory experimentation area a biomimetic behaviour that comprises most common activities among sea
creatures that sustain autonomy: wander, prey, predator avoidance and nesting.

43
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The basic requirement for Ale III autonomy is the self sustaining ability to survive for long periods without
human assistance and intervention inside a dynamic complex environment. Behaviour based systems are best
suited for this task where the environment presents continuous dynamic changes and fast response along with
adaptivity are crucial and the ability to schedule and planning is also desirable [33]. To accomplish this the
vehicle’s ACoS follows basic principles of a behaviour based methodology[126]:

1. Behaviours are implemented as modules, Controller class members.

2. Each behaviour module may receive data from:

� CMUcam3 and IMU sensory inputs, interfaced by the ACoS Robot class,

� other Robot class members.

The outputs of a behaviour module are passed on to other behaviour modules or to AUV’s effectors
which are the three thruster motors.

3. Many different behaviour modules may independently receive input from the same sensors and output
action commands to the same actuators.

4. Behaviours are encoded to be relatively simple, and are added to the system incrementally.

5. Behaviour modules are executed concurrently in order to exploit parallelism, speed of computation,
as well as the interaction dynamics not only among behaviours but also between behaviours and the
environment.

5.1.1 Ale III autonomous behaviour showcase

The main task of the controller of Ale III is to accomplish a safe diving autonomous operation under certain
constraints. The vessel’s autonomy follows a biomimetic approach inspired by the everyday routine of the
majority of underwater living creatures [12]. Several phases of this routine seem to play an important role
in preserving autonomy and, as a rule, are present among distinct physical behaviours. The most significant
everyday task in underwater life is the search of food. To preserve their autonomous living, sea creatures have
to sustain their vital energy level above a certain value by hunting and foraging. This leads to a perpetual role
commutation for almost all sea creatures: each species may be a potential predator hunting other species and
the same time is a candidate prey. Most of the sea creatures take advantage of a safe, cosy place to protect
themselves from possible predators and hostile environmental conditions. Self preservation is an essential part
of a creature’s autonomy. Inside their nest, sea creatures rest and revitalize their physical potentials so as to
be ready for the next cycle of foraging bouts and predators avoidance.

The former phases of underwater life routine along with the behaviour based control methodology principles
were the basis of Ale III controller design. The controller succeeds to preserve the vessel’s energy level, assuring
safety and self preservation. At the same time it explores the surrounding area for possible targets- preys and
is alerted for the detection of potential threats. This autonomous control method was extensively tested inside
the underwater experimentation area of 1m3, described in Chapter 3, and proved its reliability not only in
coordinating tasks like target following and object avoidance but also its efficiency in self preservation, showing
its potentials for undertaking certain kinds of underwater missions. Although at its current configuration Ale
III may undertake vision and orientation related tasks, ACoS behaviour based architecture, due to its modular
and expandable design, enables a posteri addition of alternative sensors’ inputs, command outputs and also
the design, implementation and encapsulation of novel behaviour modules. Thus, with a possible addition of
equipment, ACoS behaviour based control architecture may potentially undertake missions of:

oceanography, pollution detection and environmental monitoring where the vessel should wander inside
the bounds of a predefined underwater area, following a target course to collect data, avoiding possible
impediments or threats. Such missions demand long lasting diving periods and, whenever the vessel’s
energy reserves decrease below a safety level, ability to emerge for recovery or return to a recharging
base station located at a predefined position.
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security and surveillance in harbours and underwater facilities where the vessel should either follow a prede-
fined target course or arbitrarily wander to explore a limited area, trying to detect possible threats and
invasions. The controller should monitor energy consumption to sustain long lasting autonomy. In the
case that a docking station is available the controller should also navigate the vessel to it for recharging.

inspection of ship hulls or underwater facilities where the vessel should scan a given area trying to gather visual
information about the submerged construction. The autonomous controller should navigate the vessel
to repeatedly scan a limited area where some visual pattern, for example colour signs or shapes, should
be detected while avoiding obstacles and monitoring the energy reserves. The vessel should return to a
nearby base station for recharging or recovery. Ale III AUV is suited for such kind of missions thanks
not only to the ACoS architecture but also due to its agile kinematics and vision sensing.

Additional ad hoc roles have been developed, as an essential part of the controller, to implement the basic
biomimetic behaviours mentioned in the previous paragraphs [71], [171]:

� search- wander,

� act as prey- dynamic object avoidance,

� act as predator- dynamic object attraction,

� nesting as goal oriented behaviour- location attraction,

The controller’s task is to manage these roles and their interaction with the vessel’s environment and sustain
its autonomous operation via supporting the following distinct tasks simultaneously:

� Vessel’s energy reserves should never drop below a safety level. Although Ale III operation is by default
energy consuming, still there are two options for recharging. The first option is to act as predator and
follow a moving target as if hunting for food. Vessel’s energy level will increase for as long as its distance
from the target is inside a predefined range. If no target is available in the nearby environment and the
energy reserves are reaching the safety level, then the controller must activate the second option, namely
the nesting behaviour module to navigate the vessel towards a base station recharger. Both options have
been used in ACoS for the following reasons:

– Target following is a typical task in underwater robotics, covering fossil fuels’ industry intervention
missions, missions of cable deployment and route survey, explosive ordnance disposal, antisubma-
rine warfare, surveillance and reconnaissance.

– Navigating to a specific underwater or surface location, serving as base, is crucial for every AUV
mission for recharging or due to safety and recovery reasons.

At the experimentation scenario, implemented as part of the present dissertation, the recharging base is
represented by a red coloured light sign in Figures 5.1, 5.2. The potential target for hunting is represented
by a white light following an arbitrary three dimensional course inside the tank. Depending on the
vessel’s underwater environment and sensory equipment, the light signs may potentially be replaced by
more effective and reliable acoustic signals transmitters, or by GPS signal receptions during successive
emergences to the surface. Acoustic signals presume the deployment of a quite larger experimentation
area than the one used during the Ale III testing and furthermore the GPS operation presumes outdoors
experimentation. These were the reasons why the visual signs were chosen to represent the vessel’s base
within the indoors laboratory underwater experimentation area.

� Selectively navigate the vessel inside a predefined and marked underwater diving area. Inside the experi-
mentation area the diving tank was marked with colour light signs indicating the limits of the diving area
where the vessel should bound its operation (Figures 5.1, 5.2). The use of visual signs was inevitable due
to reasons already described. The control scheme should guarantee this bounded navigation, because
once the vehicle slips outside these limits it is considered to be lost and the controller procedure fails.
Three different behaviour modules, programmed as distinct ACoS Controller class members, take over
the compliance with this constraint:
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1. Proximity adjuster is an ACoS behaviour module that equips Ale III with the ability to maintain
its distance from the diving area’s limits light signs within an acceptable range.

2. Yaw control is the behaviour module that implements Ale III yawing ability.

3. Search - wander subsumes the above two modules and navigates the vessel inside the bounded
premises of the experimentation area. Apart from avoiding to overcome the experimentation area’s
limits, search- wander navigates the vessel to explore the bounded area.

In AUV offshore or coastal operation, serving missions of oceanography, environmental monitoring,
pollution detection, fishery, hull inspection, security and surveillance [124], [102], [82], [7], [83], the issue
of staying inside a predefined, somehow bounded, area is of great importance not only for efficiency
reasons but also for the AUV’s safety and recovery. Depending on the vessel’s underwater environment
and sensory equipment, the light signs may be replaced by more effective and reliable acoustic signals
transmitters, or by GPS signal receptions during successive emergences to the surface.

� Moreover, the controller is able to detect and avoid a specific moving object recognised as threat. As
soon as a possible threat is recognised, the controller cancels all other ongoing tasks and navigates the
vessel to a safe base station, mimicking a prey’s reaction when being hunted. This is another typical
requisite of the AUV controller, contributing to vessels safety and recovery. In Ale III experimentation
scenario this specific object- threat was implemented as a brown light sign shown at Figures 5.1 and 5.2,
for reasons already mentioned in previous paragraphs.

Figure 5.1: Side view of a three dimensional representation of Ale III experimentation scenario,
(1) Ale III AUV inside the experimentation tank, (2) light signs indicating diving area’s upper
and lower limits, (3) base- nest, (4) moving target- prey, (5) moving threat- predator.

In the ACoS object- oriented environment each behaviour module is an active Controller class member,
initialized during the creation of Controller class at software’s start up procedure. During the program’s
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Figure 5.2: Top view of a three dimensional representation of Ale III experimentation scenario,
(1) Ale III AUV inside the experimentation tank, (2) light signs indicating diving area’s upper
and lower limits, (3) base- nest, (4) moving target- prey, (5) moving threat- predator.

execution, all modules access, via Robot class’ interface, the same sensory inputs and compete for the same
controller outputs during each controller step, as shown in Figures 3.9 and 4.4. The sensory inputs are produced
by the vision sensor module and the IMU. The visual data are necessary for the detection of light signs and
the estimation of vessel’s distance from them. IMU data are used to determine the vessel’s three dimensional
orientation and navigate inside the limited diving area. The ACoS behaviour modules are layered incrementally
in a three- level subsumption architecture. Section 5.2 describes the distinct behaviour modules as simple Finite
State Machines (FSM). FSM representation is the standard technique used to describe behaviour based control
methods [33]. It was chosen against other representation techniques, like data flow diagrams, flow charts or
pseudo code for its simplicity and ability for intuitive graphical representation. All ACoS behaviour modules were
described by a FSM containing at most four states and nine transitions. Moreover, designing and representing
the ACoS architecture with stand alone FSMs aided the compliance with the behaviour based principles of
concurrent execution, modularity, simultaneous reception of sensory inputs and competence for the controller
outputs [126].

5.2 Behaviours Subsumption Architecture

The behaviour based model comprises of a subsumption architecture of six different behaviours deployed at
three levels of competence shown in Table 5.1, involving interconnections, inhibitors and suppressors [33],
[126]. Each behaviour is presented as an FSM at the following sections. It may be interconnected with other
behaviours of the same or of a different level. Depending on the behaviours interactions and commutations,
the level of AUV’s energy reserves increases or decreases after each controller time step. Energy consuming
behaviours are the ones that have no means of recharging energy, but rather consume the vessel’s energy to
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Table 5.1: Behaviours Index

level of competence behaviour number behaviour name energy balance
0 01 proximity adjuster negative
0 02 yaw control negative
1 11 search- wander negative
1 12 nesting negative/positive
2 21 prey negative/positive
2 22 predator negative/positive

navigate it. They are listed in Table 5.1 as negatively balanced while those which feed energy to the AUV by
hovering inside the recharging base premises or during a successful target following task, are listed as positively
balanced. For some behaviours the energy balance may alternate between positive or negative, depending on
their progress and outcome. Thus, for example, a successful target following task will feed energy to Ale III
in contrast to an unsuccessful one, that will just consume some of its energy reserves. In the current ACoS
implementation the energy term is virtual, implemented as an ACoS variable. There is no hardware meaning
for AUV’s energy level and so after a successful hunt, for example, the increase of energy level is virtual, by the
means of ACoS, without some kind of energy transformation or transfer between the vessel and its surrounding
underwater environment. As stated in previous section, the overall control procedure aims at preserving the
virtual energy above a safety level. The ACoS performance optimization depends on the fine tuning of the
behaviours’ interaction parameters, so as to obtain the lowest energy consumption during controller life time.

According to the experimentation scenario, ACoS is challenged to live as long as possible, swapping be-
haviours and trying to avoid the danger of predators. Green and blue light signs attached on the experimentation
tank’s top and the bottom internal circumference define the vessel’s living and diving space limits. Its nest-
base is denoted by a red light sign, attached to a specific position inside the tank. A brown light suspended
from a rod, able to move underwater, plays the AUV’s predator role, while a white one represents the possible
prey as shown in Figures 5.1 and 5.2.

ACoS behaviours are competing for the determination of motors’ output control commands. Each discrete
behaviour may or may not participate to the output commands depending on the behaviours interaction and the
dynamically changing environmental conditions. During the AUV’s dive, its energy level fluctuates according
to the environment conditions and the behaviours interaction. For example, living in an environment with
redundancy of preys has definitely a positive influence on AUV’s energy level. In controller time step this level
increases or decreases by a fixed quantity, depending on whether the behaviour in charge features positive
or negative energy balance a shown in Table 5.1. Predator, nesting and prey behaviours present positive or
negative energy balance according to the progress of their goals. For example the predator behaviour may be
negatively balanced if the prey escapes or partly negative, during pursuit, and mainly positive if the prey is
caught after the hunt. Throughout the consecutive controller steps, behaviours interact and produce controller
outputs analogous not only to AUV’s position and orientation inside the experimentation tank but also to its
energy reserves and the surrounding area stimuli, promoting ACoS autonomy.

5.2.1 Level 0

The zero level diagram of Figure 5.3, comprises the following two basic navigational behaviours:

01 proximity adjuster, receives sensor inputs from AUV’s camera and controls the lateral thrusters power.

02 yaw control, navigates the AUV to an orientation of a fixed target yaw value.
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Figure 5.3: Zero level behaviour based control subsumption architecture.

Zero level is the basis for the upper two levels. It implements ACoS potentiality for avoiding impediments,
achieving and maintaining an orientation. At FSM’s states and inputs numbering, for every distinct behaviour,
its level number is used as a prefix. Number and letters are used for the states and inputs numbering accordingly.
An FSM initial state is denoted by its double lined circle.

Both zero level’s behaviours consume energy as long as they take over the control procedure. The wire
next to the circle, connecting the output of the proximity adjuster behaviour to the yaw control, is an inhibitor
[33]. When an output message from the proximity adjuster behaviour travels along this wire it inhibits yaw
control outputs. The letter i at the upper hemicycle, depicts inhibition, while the t01 at the bottom hemicycle
denotes the inhibition time in controller step numbers. Thus, when the proximity adjuster behaviour produces
a control output for AUV’s lateral thrusters, it inhibits yaw control outputs and cancels their transmission to
the lateral thrusters, for a time period of t01 controller time steps. A simple example of behaviours interaction
is given at the end of this section.

Behaviour 01: proximity adjuster

Figure 5.4: Zeroth level, 01- proximity adjuster behaviour’s FSM diagram.

The robot, using its camera, estimates the distance from the stationary coloured signs attached to the tank
walls. The proximity adjuster behaviour tries to keep this distance inside a fixed range and thus avoids hitting
on the tank walls. This behaviour module is presented by an FSM consisting of the following states:

� 01 1: vessel is not performing any movement. There is no thruster power manipulation.
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� 01 2: vessel is performing a backwards surge movement for a predefined number of control steps t01.

� 01 3: vessel is performing a surge movement for a predefined number of control steps t01.

The proximity adjuster behaviour’s FSM commutates its internal states according to the following sensor
inputs, as described in Figure 5.4:

� 01 a: coloured signs traced by the vision sensor show that the AUV’s distance from the tank walls is
further than the maximum permitted value.

� 01 b: distance from tank walls is closer than the minimum permitted value.

� 01 c: distance from tank walls is inside the permitted range.

� 01 d, 01 e: t01 controller time steps passed.

Behaviour 02: yaw control

Figure 5.5: Zeroth level, 02- yaw control behaviour’s FSM diagram.

The AUV controller uses data from the IMU sensor module to estimate its yaw heading. Yaw control
behaviour manipulates the robot’s lateral thrusters, trying to achieve a fixed value of yaw orientation. This
behaviour module is presented by an FSM shown in Figure 5.5, consisting of the following states:

� 02 1: AUV is not performing any movement- no thruster power manipulation.

� 02 2: AUV is turning left, around its vertical, body oriented axis.

� 02 3: AUV is turning right, around its, vertical, body oriented axis.

The behaviour’s transitions and sensor inputs regarding the above states are:

� 02 a, 02 d, 02 g: the yaw heading value, estimated by the robot’s IMU module, lies between the correct
limits, around a predefined target value.

� 02 b, 02 e, 02 h: yaw value is bigger than the target value

� 02 c, 02 f, 02 j: yaw value is smaller than the target value, outside the correct limits.
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Figure 5.6: First level behaviour based control subsumption architecture.

5.2.2 Level 1

Level 1 diagram introduces two new behaviours (Figure 5.6). Search- wander for exploring the space between
the tank’s surface and bottom coloured light signs and nesting behaviour for returning to the robot’s nest- base.
Search- wander subsumes the lower level yaw control behaviour. A simple example of behaviours interaction is
given at the end of this section.

Behaviour 11: search- wander

Figure 5.7: Level 1, 11- search- wander behaviour’s FSM diagram.

There are green signs attached to the walls of the experimentation tank, near the surface and blue ones
near the bottom. They indicate the safe diving area limits for the robot. Level 1 search- wander behaviour
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implements the following two consecutive actions:

1. Chooses a yaw value and manipulates heave thruster in order for the AUV to emerge. The emerge pauses
when the camera sensor module detects the green light signs, indicating the upper limit of the AUV’s
diving zone.

2. When the camera sensor module detects green light signs, the AUV starts to dive, choosing a new yaw
value. This diving terminates as soon as the camera module detects the blue light signs, indicating the
bottom limit of the diving zone.

The search- wander behaviour module is presented by an FSM, Figure 5.7, consisting of the following states:

� 11 1: emerging, keeping a steady yaw heading,

� 11 2: diving, keeping a steady yaw heading,

and the following transitions and sensor inputs:

� 11 a, 11 d: no sign detected,

� 11 b: green sign detected,

� 11 c: blue sign detected.

Behaviour 12: nesting

Figure 5.8: Level 1, 12- nesting behaviour’s FSM diagram.

The nesting behaviour implements AUV’s homing procedure. It interacts with the search- wander behaviour
(Figure 5.6) and, depending on energy reserves, may decide to navigate the AUV to its nest- base. A red coloured
light sign, placed at a fixed orientation between the tank’s surface and bottom coloured light signs, indicates
nest’s position. Nesting successfully completes its task when the value of AUV’s distance from the red light
is inside a predefined range. It presents a positive energy balance as long as the AUV’s position is inside the
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nest- base range. While on the search of nest- base, the AUV consumes energy. Nesting behaviour module is
presented by an FSM (Figure 5.8) consisting of the following states:

� 12 1: inside nest, no movement,

� 12 2: yaw turning,

� 12 3: searching for red coloured nest- base light sign,

� 12 4: nest detected, approaching to nest,

and the following transitions and sensor inputs:

� 12 a: AUV’s distance from nest is inside range,

� 12 b: distance from nest is outside range,

� 12 c: AUV’s yaw heading value is inside range, heading towards nest,

� 12 d: yaw heading value is not inside range,

� 12 e: Nest’s colour sign detected,

� 12 f: Nest’s colour sign not detected,

� 12 g: AUV’s distance from nest is inside range,

� 12 h: distance from nest is outside range,

� 12 i: nest’s colour sign not detected.

5.2.3 Level 2

The final top level of competence adds predator and prey behaviours to the behaviour based robot control
model (Figure 5.9). During the experimentation scenario the presence of a white light target represents a prey
the AUV has to hunt and catch. Predator behaviour searches for energy- food, by means of finding this target-
prey, every time the AUV’s energy reserves fall below a predefined safety level. The detection of a brown light
reverses the roles. As soon as the controller is alerted by the detection of a brown coloured light, the prey
behaviour navigates the AUV straight to its nest- base. In Figure 5.9 the use of letter s in the upper hemicycle,
next to the wire, connected to a behaviour’s input, depicts suppression of the corresponding input [33]. A
suppressed behaviour input is replaced by the signals of the suppressor for a predefined period of time. Level 2
inhibitors and suppressors use the following special symbols:

t02 denotes the time period while predator behaviour signals inhibit the outputs of search and yaw control
behaviours. This inhibition lasts until the prey is caught or, otherwise, for a predefined number of
controller steps since the white light prey target was detected.

t03 denotes the time period while nesting behaviour suppresses the inputs of prey and predator behaviours.
This suppression lasts for a predefined number of controller steps, in case nesting serves a prey behaviour
call, or until AUV’s energy exceeds a prerequisite level.

A simple example of behaviours interaction is given at the end of this section.
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Figure 5.9: Level 2 behaviour based control subsumption architecture.

Behaviour 21: prey

According to Figure’s 5.9 subsumption architecture, the prey is connected to the nesting behaviour. Thus,
when the AUV acts like a prey, it is heading to its nest- base using the subsumed nesting behaviour. Camera
sensor data, used as inputs for both predator and prey behaviours are suppressed by nesting behaviour signals.
These signals cancel respectively all possible prey targets and enemy predators detections, until reaching the
safety of the nest- base. Prey features positive energy balance as long as AUV’s position is inside nest- base
range. Otherwise and while on the search of nest- base, the AUV consumes energy. The prey behaviour module
is presented by an FSM (Figure 5.10), consisting of the following states:

� 21 1: nesting has been accomplished,

� 21 2: searching for the nest- base,

and the following transitions and sensor inputs:

� 21 a: distance from nest- base is inside range,
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Figure 5.10: Level 2, 21- prey behaviour’s FSM diagram.

� 21 b: distance from nest- base is not inside range,

� 21 c: distance from nest- base is outside range,

� 21 d: distance from nest- base is inside range.

Behaviour 22: predator

The predator behaviour monitors energy supplies to decide the time for hunting, searching for energy- food. It
is connected to the lower level search behaviour for implementing the hunting procedure inside the diving area
limits of the experimentation tank. Predator behaviour inhibits the outputs of the lower level search- wander,
yaw control and proximity adjuster behaviours. The prey is a white light target, moving randomly inside the
tank. When the predator behaviour takes charge of the AUV control, it consumes energy until locking a prey
target for a predefined time, meaning the prey is caught. After this successful outcome, the AUV controller is
awarded with a fixed quantity of energy. If the prey is lost before this predefined time passes, then there is no
increase in the energy level. The predator behaviour module is presented by an FSM (Figure 5.11), consisting
of the following states:

� 22 1: on the hunt of detected prey- target,

� 22 2: prey- target locked,

� 22 3: searching for prey,

and the following transitions and sensor inputs:

� 22 a: distance from prey- target is inside range,

� 22 b: distance from prey- target is not inside range,

� 22 c: prey- target is lost,

� 22 d: distance from prey- target is inside range,

� 22 e: distance from prey- target is not inside range,

� 22 f: prey- target is lost,

� 22 g: prey- target is locked for a predefined time period and the hunting is successfully terminated,

� 22 h: prey- target is detected,

� 22 j: prey- target is not detected.
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Figure 5.11: Level 2, 22- predator behaviour’s FSM diagram.

5.2.4 Behaviours Interaction Example

A typical ACoS behaviours’ interaction is presented here to depict the controller’s functionality. An effort
to describe an example of ACoS operating inside the experimentation area using photograph snapshots was
rated as unsuccessful due to the experimentation area’s small dimensions, tanks opaque black colour and light
diffusion inside water. These reasons lead to poor photograph’s quality and non descriptive snapshots. Thus
such an example will be depicted below, using pictures of a testing scenario inside a three dimensional model
of the experimentation area. During the example, the vessel wanders in front of the area of green and blue
lights while keeping its distance for them inside a predefined range (Figures 5.1, 5.2). The ACoS continually
detects for the invasion of a possible threat or the existence of a potential target, represented by a brown and
white light sign accordingly. When the brown light is detected the vessel is heading for its nest- base, located
at a predefined place marked by a red light sign, where it will hover for a given time period, before returning to
its routine, assuming the threat has disappeared. The controller also manipulates energy reserves and tries to
increase them by following the white light target whenever it appears in its field of view. If this is not the case
and energy reserves are near the safety level, ACoS navigates Ale III to its nest- base. The example phases,
summarized in Table 5.2, are described below.

1. The top level behaviour modules define Ale III routine of searching for its target inside the limited
experimentation area while simultaneously trying to avoid possible threats. Ale III starts near the surface
of the experimentation tank and the VSMP detects a green light sign (Figure 5.12). The bottom left
frame in each picture shows the CMUcam3 sensor’s view. Search- wander behaviour is in charge and
since the vessel has reached the upper limit of the diving area, it chooses vessel’s new orientation for
the subsequent diving. The same time proximity adjuster is manipulating vessel’s distance for the light
sign, using VSMP data. The vessel is outside range and thus it manipulates lateral thrusters to approach
towards the green light signs. During this period, proximity adjuster inhibits yaw control outputs for a
period of t01 controller time steps. During this phase the energy level decreases in a stepwise manner by
amounts proportional to the thrusters’ output power.
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Table 5.2: ACoS reflexes in accordance with the detected light colour signs

Colour ACoS Behaviours Next Action Physical Meaning

green
search- wander
yaw control
proximity adjuster

stop emerging and start
diving

Ale III reached experimenta-
tion area’s upper limit

blue
search- wander
yaw control
proximity adjuster

stop diving and start
emerging

Ale III reached experimenta-
tion area’s lower limit

brown
prey
nesting
search- wander
yaw control
proximity adjuster

navigate to base- nest Ale III detected a threat-
predator

red

prey
nesting
search- wander
yaw control
proximity adjuster

hover in front of the
base- nest

Ale III is recharging or try-
ing to protect from a threat-
predator

white predator follow target Ale III detected a target- prey

2. After t01 steps the yaw control changes the vessel’s orientation, increasing its yaw heading by 20o and
Search- wander manipulates Ale III bottom thruster to start diving for exploring a new, adjacent portion
of underwater area. During diving, yaw control assures proper vessel’s orientation until it comes close
to the bottom limit of the diving area and search- wander detects a blue light (Figure 5.13). As before,
the bottom left frame in each picture shows CMUcam3 sensor’s view. During this phase the energy level
decreases in a stepwise manner by amounts proportional to the thrusters’ output power.

3. When the blue light is detected the proximity adjuster is manipulating the vessel’s distance from the
light sign, using VSMP data. The distance is inside the acceptable range and thus proximity adjuster
produces no output thrusters’ commands. Search- wander decides vessel’s next yaw heading being that
of the first from the left limit colour signs, and so the vessel remains inside the limited diving area. The
positions of the farmost tank wall signs is a known ACoS parameter. Yaw control rotates the vessel to
the new yaw heading and in the same time search- wander starts emerging. During emerging a brown
light, representing a predator threat for Ale III, is detected by prey behaviour module, Figure 5.14. Prey
module uses the lower level nesting behaviour to navigate the vessel to its base- nest and avoid the
predator threat. nesting uses, in turn, search and yaw control to handle vessel’s navigation to the given
nest heading and locate inside the limits of the diving area. Until the detection of the nest- base, Ale III
energy level decreases in a stepwise manner by amounts proportional to the thrusters’ output power.

4. When ACoS detects its nest- base, represented inside the experimentation area by a red light sign,
prey behaviour module commands the nesting module to hover the vessel near the red light keeping its
distance between them inside a predefined range, Figure 5.15. ACoS subsumption architecture uses, in
turn, search and yaw control to accomplish this task. Nesting behaviour suppresses the camera inputs to
the higher level modules to assure that the vessel will hover in front of the base- nest for the predefined
suppressor time period of t03 controller time steps. During the time period of t03 controller time steps



58 CHAPTER 5. BEHAVIOUR BASED BIOMIMETIC CONTROL

Figure 5.12: Example of ACoS behaviours’ interaction, phase 1.

Figure 5.13: Example of ACoS behaviours’ interaction, phase 2.

of hovering in front of the nest- base, Ale III energy level increases by a predefined amount at every
controller step.

5. After t03 time steps, ACoS returns the vessel to its routine of searching for a white light target inside the
limits of the experimentation area. Thus, it starts emerging and returns to the initial phase of wandering
(Figure 5.16). Ale III energy level decreases during this phase. As before, the bottom left frame in each
picture in Figure 5.16 shows CMUcam3 sensor’s view.

6. During wandering, a white light target is detected (Figure 5.17). The predator behaviour module
immediately inhibits search- wander and yaw control outputs, for at most t02 controller time steps, taking
full control of vessel’s thrusters. The value of t02 time period is a given ACoS inhibitor parameter and
assures that the hunt will not exceed a maximum time period, for energy reserves safety. Alternatively,
if the predator module succeeds in capturing the white target light, that is, to follow it closely for a
predefined interval, the inhibition stops and ACoS returns the vessel to its routine operation of searching
the next target. During target hunting and until the its distance from vessel is inside an acceptable
range, Ale III energy level decreases in a stepwise manner by amounts proportional to the thrusters’
output power.
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Figure 5.14: Example of ACoS behaviours’ interaction, phase 3.

Figure 5.15: Example of ACoS behaviours’ interaction, phase 4.

7. ACoS navigates the vessel to follow a white light target along an arbitrary three dimensional course inside
the experimentation area (Figure 5.18), aiming at placing the target at the centre of vision sensors field
of view and inside a predefined distance range. Ale III energy level increases by a predefined amount
during the time steps that ACoS manages to:

(a) keep its target at the centre of vision sensor’s field of view and

(b) vessel’s distance from target inside range.

As before, the bottom left frame in each picture in Figure 5.18 shows CMUcam3 sensor’s view.

5.3 Experimental Results

ACoS was extensively tested using Ale III AUV in the indoors laboratory experimentation area described in
Chapter 4. The experimentation tank was marked with light signs representing the diving area’s limits, while a
red coloured light sign was the base- nest. A brown and a white light suspended from a rod, appeared randomly
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Figure 5.16: Example of ACoS behaviours’ interaction, phase 5.

Figure 5.17: Example of ACoS behaviours’ interaction, phase 6.

inside the diving area and following arbitrary three dimensional courses, played the role of a potential threat-
predator and target- prey accordingly. This kind of experimentation aimed at highlighting the controller’s ability
to sustain autonomous underwater operation, mimicking the commutation of the several behaviours typically
found in the routine of undersea living creatures. The experimentation had several phases of search and wander,
acting as prey with dynamic object avoidance, acting as predator with dynamic object attraction, nesting as
goal oriented behaviour and location attraction because these phases are common tasks during AUV missions
in coastal line and offshore. AcoS was challenged to support Ale III autonomous operation and dynamically
confront possible threats in its search for potential targets and in the same time monitor vessel’s energy reserves,
assuring reliability and safe recovery.

Testing with Ale III and ACoS began inside the experimentation area with zeroth level behaviours. Yaw
control was programmed on the basis of the yaw PD controller described at the previous chapter. Proximity
adjuster uses program modules from the ‘light target following’ PD controller, also described at the previous
chapter. Next levels were implemented and tested incrementally. Search- wander, nesting, prey and predator
were also programmed based on the already tested and evaluated ‘light target following’ controller. Special
consideration regarding the Controller behaviour class members design was given to the intercommunication
signals management, the use of inhibitors and suppressors. These issues dealt with caution and respect to the
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Figure 5.18: Example of ACoS behaviours’ interaction, phase 7. The yellow line denotes white
light target’s three dimensional course.

basic principles of behaviour based control.
The experimentation scenario was chosen to trigger and use alternatively all the behaviours: The vessel

begins its underwater commission or, using biomimetic terms, life filled up with energy and wanders between its
area limits in the experimentation tank. After a while a brown light predator or a white light prey may appear
to the underwater scenery and Ale III must respond accordingly by hiding at the safety of its nest- base or hunt
the prey. Wandering or hunting decreases energy reserves and if a prey is not available then the vessel must
visit its nest- base for recharging.

Figures 5.19, 5.20, 5.21, 5.22 show real life experimentations results from tests conducted at the experi-
mentation area following previous paragraph’s scenario. Each test lasted several minutes but the plots show only
the first three minutes for readability reasons. The first plot of each figure shows behaviours’ interaction log
throughout the experiment. The second plot shows AUV’s virtual energy level and instantaneous consumption
measured in virtual energy units. At each controller step a ‘+’ mark is added for those ACoS behaviours that
involved in determining the controller outputs. According to the behaviour based design principles, all of them
have access to the controller outputs. Still, at each controller time step, not all of them contribute to the control
outputs due to the subsumption architecture inhibitors and successors or the lack of the proper stimulus. The
following paragraph describes test A and Figure 5.19. Analogous meanings have the figures of the remaining
tests: B, C and D.

Figure 5.19, first plot: As soon as test A begins, the vessel uses search- wander behaviour and dives within
the area limits defined by the green light signs near the tank’s surface and the blue light signs at the
bottom. The test begins with the vessel floating at the surface. It immediately detects surface’s green
lights and starts diving at 0.2 seconds (blue searchB marks at the plot) until it detects the blue bottom
lights, at 8 seconds. After that, it emerges (green searchG marks) until it detects the green surface lights
at 16 seconds, and so on. During this time of wandering inside the tank,

� yaw control takes also part to the controller outputs’ determination (gold- yellow yawControl
marks at the plot during 1- 16 seconds, 34.5- 36.5 seconds etc) to fix AUV’s orientation.

� proximity adjuster takes also part to the outputs’ estimation, if the vessel is too close or too far
from the limit colour light signs. Thus, in some instances between searchG and searchB behaviours’
commutations (olive wall marks at the plot during 0.5-1 seconds, 36.5- 37.5 seconds etc.) proximity
adjuster is also in charge, among other behaviours.

ACoS assures that in an interval of 5 controller steps the prey behaviour takes full control of the
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outputs (scarce prey red marks at the plot). If a brown light predator is detected, prey becomes the
dominant behaviour, suppressing CMUcam3 inputs to all the rest behaviours (dense prey red points
at the plot during 61- 71 seconds) and thus exempting them from the output determination. Along
with the subsumed nesting behaviour, they are controlling the outputs from the moment a predator was
detected until the vessel finds its nest and passes a predefined time period in it (fuchsia nesting points
during 61- 71 seconds). At a different interval of 5 controller steps, hunt behaviour takes outputs’ full
control (scarce predator brown points at the plot) to search for a white light virtual prey. If this is the
case, predator behaviour takes charge and tries to lock the light target at CMUcam3 field of view (dense
predator brown points at the plot during 16- 34.5 seconds). During this period, hunt inhibits other
behavioural outputs. Finally when the energy level is below a safety value, nesting behaviour takes full
control of the outputs (fuchsia nesting points during 132- 157 seconds), suppressing CMUcam3 inputs
to all other behaviour modules. It searches for the nest- base and virtual energy recharging. After
recharge, Ale III keeps on wandering in search of predators and preys and its life continues according
to the experimentation scenario. During experimentation energy level is full at 2000units and the safety
level is at 1800units.

Figure 5.19, second plot: The red line shows AUV’s virtual energy level. Energy level continually decreases
except when a prey is locked at the camrera’s field of view, during 16- 34 seconds, or when recharging
at the nest- base, 61- 71 and 132- 157 seconds. The medium- green line shows AUV’s instantaneous
energy consumption at each controller step. The consumption depends only on thruster motors’ turning
speed and it is a real quantity instead of energy level. The custom measurement unit used to estimate
the virtual energy level and the real consumption during each controller time step, is analogous to the
motors spinning speed, counting 1 when all motors are spinning at full speed and 0 when all of them are
stopped.

During experimentation AUV’s external power connector along with external power supply were used for
unlimited time testing, at the cost of power supply cables burden. Cables should be arranged with caution
throughout the test to avoid entangling or breaking them during vessel’s diving missions. As long as Ale III had
enough real energy reserves its operation kept on, following the experimentation scenario, without technical
problems or ACoS crashes for more than 15 minutes. Continuous operation duration was restricted not from
some vessel’s or ACoS deficiency, but from the small dimensions of the experimentation area. The arrangement
of power supply cables along with the prey - predator lights moving underwater on their rods with at least two
persons in charge, is a challenge at the 2m2 area of experimentation.
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Figure 5.19: Biomimetic behaviour based control experimentation results, test A.
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Figure 5.20: Biomimetic behaviour based control experimentation results, test B.
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Figure 5.21: Biomimetic behaviour based control experimentation results, test C.
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Figure 5.22: Biomimetic behaviour based control experimentation results, test D.



Chapter 6

Cooperative Behaviour

6.1 Behaviour Based Cooperative Control

This chapter describes the design and implementation of a behaviour based controller specially designed to
emerge a cooperative behaviour among a team of AUVs. The successful development of a behaviour based
control scheme for implementing and testing a biomimetic behaviour by Ale III AUV, was a motivation to extend
the already developed scheme and add the potential for controlling more than one AUVs, being members of a
team. The team exhibits a biomimetic cooperative behaviour.

6.1.1 Animal Group Hunting

Cooperative or group hunting has been reported in several mammals [111], like Lycaon pictus African wild dogs
[45], and even in one bird species, Parabuteo unicinctus or Harris’ hawks [25]. Harris’ hawks hunt practicing a
flush and ambush strategy that involves a division of labour as occurring when individuals, working as a team to
complete a task, perform different subtasks [11]. Cooperative hunting with a division of labour has been studied
in pods of Megaptera novaeangliae humpback whales [42] or at group hunt of Pan troglodytes chimpanzees
where the team members may engage in particular subtasks such as driving or blocking their prey [30]. Same
behaviour appears in insects too as when a small group of army ants retrieves a prey item as a team [70].

Apart from humpback whales, cooperative hunting has been described in several cetaceans, including
Tursiops truncatus bottlenose dolphins and Orcinus orca killer whales. Accounts of apparent cooperative
behaviour in feeding bottlenose dolphins include fishes being herded into a ball [150], fishes driven ahead of
dolphins swimming in a crescent formation, against mud banks or trapped between dolphins attacking from
either side [117], [180]. Groups of dolphins may even beach themselves to feed on fishes that they have
chased onto mud banks [143]. However, none of the previously described cases of group hunting in cetaceans
demonstrates a division of labour with role specialization.

Role specialization is found when individuals specialize in their subtasks during repeated team tasks. Group
hunting with a division of labour and role specialization is extremely rare. A well documented case in mammals
is the study of coordinated group hunts in Panthera leo African lionesses [165]. Observation data from lionesses
coordinated group hunts were analysed to assess cooperation and individual variation in hunting tactics. Group
hunts generally involved a formation whereby some lionesses, the wings, circled prey while others, the centres,
waited for prey to move towards them. Another case of group hunting with role specialization is the wolf pack
hunting behaviour model, studied in packs of about 5 to 20 members, with a certain hierarchy in the wander,
stalk, formation, attack and eat phases of the hunting procedure. The wolf pack is divided in two roles: one
individual is the alpha wolf and the rest team members are beta wolves [176], [132]. On the other hand, [125]
states that wolf packs’ behaviour is not structured as a two role set of strategies, but rather as a generalized
rules of thumb without role specialization among pack’s individuals.

67
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In Cedar Key, Florida, group hunting Tursiops truncatus dolphins engage in two types of behaviours while
herding fishes. One individual in a group of three to six dolphins, the Driver, herds the fishes in circles, while
the rest of the team members are the non Driver dolphins following the Driver and playing the role of a virtual
barrier blocking fishes escape efforts [75]. Inside dolphins team the Driver is always the same individual while
the non driving dolphins are defined as all the rest group members that did not drive.

A feeding bout begins with the initiative of Driver dolphin to swim rapidly in tight circles and finishes when
the participating dolphins put their heads back under water and roll upright. Driver is the most skilled team
member. It is capable of herding the fishes in circles. During hunting it leads and traps the school of fish
towards the non driving- barrier members, that are less than one body length apart and often touching. When
dolphins cooperate this way, fish hunting is easier and more beneficial. This extremely rare behaviour consists
of team coordination acts like:

1. establishment of the team roles,

2. detecting the presence of Driver or the rest non Driver team members,

3. searching and navigation,

4. Driver following and

5. team foraging.

Next sections describe the implementation of a cooperative behaviour based model controller, based on
Ale III atomic behaviour based ACoS version, with two different roles specialization: Driver (D), robot and
non Driver (nD) robot team members. This cooperative behaviour is inspired from the bottlenose dolphin
cooperative hunting. The behavioural model design explores and studies the two- roles cooperative processes,
in terms of different interacting behaviours, used at each one the robot team members. As in the case of
bottlenose dolphins, there is only one D dolphin inside the team, while the rest of the team members take over
nD role specialization.

6.1.2 Mimicking Dolphins Hunting

The behaviour based design of the atomic ACoS version and the conclusions and observations regarding the
bottlenose dolphins hunting procedure were the design basis for a novel control scheme: biomimetic cooperative
behaviour that mimics dolphins’ cooperating hunting bout basic concepts. Two different roles were designed
and implemented with respect to the basic principles of Section 5.1. The first role represents the D driver
dolphin while the second encapsulates the nD barrier or non driving dolphins role of the rest team members.

ACoS framework implemented the two cooperative roles as different controller classes, one for each role.
Robot class is the same, as driver and non driver AUV’s share the same I/O devices and operations. Each role
is implemented by multi level hierarchy of interacting behaviours, in accordance to previous chapter’s atomic
role behaviour based subsumption architecture. Zeroth level’s behaviour modules are common in both roles and
are based in yaw control and predator modules belonging in the atomic ACoS version. The role discrimination
begins at the higher role levels. First and second level at the driver role include different behaviour modules
than the first and top non driver role, and both are atomic behaviour modules.

Cooperative ACoS implements in simulation all the distinct phases of the bottlenose dolphins’ group hunting.
The behaviour based model includes modules for each one of these phases. Thus, cooperative ACoS distinguishes
two roles and directs the simulation progress according to the steps of a successful bottlenose group hunting:

1. D and nD team members demonstrate their identity by colour light signs.

2. During all simulation phases, the main tasks for each team member is searching and navigation. Searching
target and navigation plan are set individually for each member according to its role and environmental
stimuli, following the bottlenose dolphin group hunting scenario.

3. The first phase of the simulated hunt is the initialization, where D searches its surrounding area to detect
candidate nD members.
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4. nD members, right after the initialization phase follow D trying to stay close together.

5. The last phase of the simulated hunt takes place after detecting and approaching the target. D chooses
a circular course trying to surround its target using nD followers as barriers.

6.2 Ale III Dynamic Mode

The real world experimentation, as described at the previous chapters, presents certain limitations:

� The size of the experimentation area makes it unsuitable for behaviour evolution and testing in terms
of mechanical robustness, automatic evaluation and repetition of time consuming tasks [66]. Further,
introduces inevitable limits regarding the number of different AUVs operating concurrently inside the
tank. The experience gained throughout the experimentations showed that for every extra AUV an extra
volume of at least 1m3 should be added to the experimentation tank [145].

� The small number of available AUVs, as still these robots are costly and not suited for laboratory
experimentation.

Due to these limitations the use of simulation is an attractive solution for studying ACoS cooperative
behaviour scenario. Using simulated AUV models and the results from the previous chapter’s experimentations
on atomic behaviours control, an AUVs’ team cooperative underwater predator behaviour, like the ones found
bottlenose dolphins hunting bouts, was implemented.

Figure 6.1: Vehicle velocity vector ν = [u, v, w, p, q, r]T in the Body Fixed coordinate system.

The simulated AUVs share the same specifications with the real AUV prototype. The simulation modelling
was made using Webots simulation environment [175], [145]. The only addition made is a colour light sign
on top of every Ale III for the exchange of simple messages between the different members of a team. Ale III
underwater dynamics include the inertial generalized forces, the hydrodynamic effects, the gravity and buoyancy
contribution and the thrusters’ forces depicted by the following equation [69], [145]:

(MRB +MA)ν̇ + C(ν)ν +D(ν)ν +G = T (6.1)
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where MRB is the rigid body mass matrix, MA is the added mass matrix, C(ν) is the Coriolis and centripetal
terms matrix, D(ν) is the hydrodynamic damping matrix, G is is the gravitational and buoyancy vector and T
the thrusters external force and torque input vector.

At the simulated Ale III model, ν is the velocity vector containing vessel’s linear and angular velocities,
estimated by the simulation software at each simulated time step that lasts 64msec.

ν = [u, v, w, p, q, r]T (6.2)

The simulated 6×6 MRB rigid body mass matrix includes vessel’s mass, and inertial moments. It is
estimated by Open Dynamics Engine [161], built in Webots simulation environment, according to the mass
distribution of Ale III several parts. The 6×6 added mass MA, assuming that Ale III is a spherical vessel and
its movement may be decomposed into three uncoupled movements along the body fixed coordination system,
is approximated by the following diagonal matrix [69],

MA =


πρα2 0 0 · · · 0

0 πρα2 0 · · · 0
0 0 0 · · · 0
...

...
...

. . .
...

0 0 0 · · · 0

 (6.3)

where π = 3.14159 is the mathematical constant, ρ is water density and α is the assumed spherical vessel’s
radius. C(ν) is the 6×6 Coriolis and centripetal terms matrix that was not taken into account because a
detailed, exact vessel model was not the scope of Ale III simulation. Moreover, the magnitude of Coriolis
forces is quite smaller than the rest forces acting upon the vessel. D(ν) is the hydrodynamic damping matrix
including linear and quadratic damping coefficients. The fact that hydrodynamic drag is always opposed to
vessel’s movement explains the minus sign in Equation 6.4. The simulated model uses an uncoupled model
of damping that is a rough approximation working sufficiently well in the case of Ale III low speed simulation
[103]. D(ν) quadratic terms are used to estimate the uncoupled linear velocity damping and the linear terms
are used for the uncoupled rotational velocity damping [192]:

D(ν) = −diag


Du2 | u |
Dv2 | v |
Dw2 | w |

Dp

Dq

Dr

 = −diag


1/2× ρCDu

Au | u |
1/2× ρCDv

Av | v |
1/2× ρCDwAw | w |

Dp

Dq

Dr

 (6.4)

where, CDu
, CDv

, CDw
are the quadratic drag coefficients for the uncoupled velocities of surge, sway and

heave, Au, Av, Aw, are the projected frontal areas of AUV body to the surfaces Z0Y0, Z0X0, X0Y0 of Figure’s
6.1 body fixed coordinate system and Dp, Dq, Dr the linear rotational velocities drag terms. In the case of
Ale III simulation the quadratic drag coefficients values and the the linear rotational velocities drag terms were
estimated geometrically [154], [192]: CDu=1.05, CDv= 1.05, CDw=0.95, Dp=0.015, Dq=0.015, Dr=0.01.
The hydrodynamic effects are implemented at every simulated step by estimating and applying to vessel’s
simulated rigid body dynamics these linear and quadratic drag terms. The gravitational part of vector G is
computed by the simulation physics engine, given the mass and relevant positioning of vessel’s several parts as
shown at Figure 6.2. The simulated buoyancy effect is composed of three forces:

� vessel’s hull buoyancy, computed by its volume and applied at hull’s centre of volume.

� left and right thruster enclosures buoyancy, computed by their volume and applied at the left and right
thruster enclosures’ centre of volume respectively.

The input vector T , comprising of thrusters external force and torque is also estimated by the simulation
physics engine ODE, given the propelling force acting upon each thruster. According to experiments with the
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Figure 6.2: Simulated Ale III (1) watertight hull, (2) stem assembly module, comprised of
the vision sensor, the motor drivers and the motors battery pack. (3) stern assembly module
comprised of the power supply circuits, the COM and the electronics battery pack, (4) bottom
thruster and ballast, (5) lateral thrusters, (6) IMU.

real Ale III, the maximum propeller thrust of each motor is 0.6Nt. The simulated ACoS computes three output
values, one for each thruster, in terms of propelling power, ranging from 0Nt to 0.6Nt. These are the propelling
forces used by ODE at each controller time step to estimate T and move the vessel.

Webots simulation environment also implements the distortion caused to visual light undersea. Water is a
substance more than 800 times denser than air. As soon as light enters the water, it interacts with the water
molecules and suspended particles to cause loss of light, colour changes, diffusion and loss of contrast. At Ale
III simulated environment the undersea light distortion has been implemented with a linear visibility range of
25m. Objects inside range are drawn blended with a turquoise sea water colour.

6.2.1 Simulation software architecture

Webots simulation framework comprises of:

A controller program for each one of the simulated world robots. It implements the robot controller and
handles all the I/O operations between the robot and its sensors. When a simulation starts, Webots
launches the specified controllers, each as a separate process, and it associates the controller processes
with the simulated robots. If several robots can use the same controller code, then a distinct process
will be launched for each robot.

A physics plug in for the implementation of physical effects by accessing the low level API of the ODE physics
engine built in Webots simulation Environment [161]. Physics plug- in is a user implemented shared
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Figure 6.3: Ale III AUV team inside Webots simulation environment. The three small frames
at picture corners are the views of each vehicle’s vision sensor.

library which is loaded by Webots at run time and accesses information about the simulated bodies
position, orientation, linear or angular velocity, adds forces, torques and extra joints to a simulation.

Ale III simulation involves two different controller programs, one for D and one for the nD cooperative
behaviour role. Each program comprises the real life ACoS framework, incorporating a Robot and a Controller
class [145]. Robot class handles I/O operations, has access to all robot resources and is common at both
roles. Controller class implements the cooperative behaviour based ACoS scheme. In Ale III simulation there
is always only one robot in the simulated team executing a D controller, while all rest team members execute
the same nD controller program in distinct simulation processes. A physics plug- in, developed specifically for
Ale III simulation, encapsulates the vessel’s dynamic model described at Section 6.2.

The basic ACoS concepts migrated to the simulation environment were adapted to the Webots API spec-
ifications. The novel ACoS cooperative behaviour scheme comprises of the behaviour modules developed for
each role, described at the following section.

6.3 Cooperative Behaviour Architecture

The cooperative predator behaviour subsumption architecture, developed for the emergence of cooperative
behaviour inside an Ale III team simulation, in analogy to the bottlenose dolphins hunt with division of labour
and role specialization, is distinguished in two roles, D and nD. D role is organized as a three level hierarchy,
consisting of six different interacting behaviours in total. nD role is also organized in three levels, consisting of
five nD behaviours. Due to readability reasons a three member simulated team, D, nD1 and nD2 is assumed
in the following description.
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6.3.1 Driver role

Level D0

Figure 6.4: Zero level D0 control architecture.

The zero level diagram, Figure 6.4, contains the following two behaviours:

D01- yaw control, tries to achieve an orientation of fixed yaw value.

D02- visual search, navigates the AUV towards a target identified using the visual information from the vision
sensor module.

Yaw control and visual search are the only navigational behaviours of the proposed D control architec-
ture.The circular symbol at the output of yaw control behaviour, Figure 6.4, is an inhibitor. Its meaning is that
when visual search behaviour produces an output to control AUV’s thrusters, it inhibits yaw control output.
Thus, when a visual target has been identified by the controller, visual search is the only behaviour to undertake
the navigation task. The use of letter i at the upper hemicycle of the inhibitor symbol, depicts the inhibition,
while tvs at the bottom hemicycle denotes the inhibition time in controller step numbers. The duration of tvs
lasts as long as visual search behaviour keeps a light target locked on camera’ s field of view.

Figure 6.5: D01- yaw control behaviour’s FSM diagram.

Behaviour D01- yaw control Yaw control is a navigational behaviour. It uses data from the IMU
sensor module to estimate AUV’s yaw heading and manipulates robot’s lateral thrusters, trying to maintain a
fixed yaw orientation value. Yaw control behaviour’s FSM, shown in Figure 6.5, consists of the following states.
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� 01 1: AUV is not performing any turning movement- no lateral thruster power manipulation.

� 01 2: AUV is turning left, around its vertical, body oriented axis.

� 01 3: AUV is turning right, around its, vertical, body oriented axis.

IMU sensor inputs trigger the transitions between the above states as follows:

� 01 a, 01 d, 01 g: the yaw heading value, estimated by the robot’s IMU module, lies between the correct
limits, around a predefined target value.

� 01 b, 01 e, 01 h: yaw value is bigger than the target value, outside the correct limits.

� 01 c, 01 f, 01 j: yaw value is smaller than the target value, outside the correct limits.

Yaw control behaviour module utilizes a PD controller for yaw rotation. To test the controller efficiency a
simulated experimental scenario was implemented where an initially standstill, 0rad heading Ale III vessel moves
using solely the yaw control behaviour to achieve a 3rad yaw heading target value (Figure 6.9). Figures 6.6,
6.7, 6.8 show results for different KP and KD controller gain parameter values, demonstrating the controller’s
performance. In each figure the plot at the top adds a ‘+’ mark at every controller step for each behaviour
module that takes part to the determination of output commands and shows behaviour modules interaction.
The second plot from top shows the PD controller output value for the left thruster, along with yaw error values.
The third and fourth plot from top show the uncoupled P and D controller term respectively. Figure 6.6 shows
a well tuned efficient yaw controller while next two figures show the predictable experimentation results when
P or D gain parameters are altered.

Behaviour D02- visual search Visual search uses the camera sensor module to seek a predefined light
colour target and lock it inside its field of view. It is a navigational behaviour that inhibits yaw control output
and navigates the AUV, for as long as the visual target that has been detected remains inside the camera’s field
of view. An identified visual target inside the simulation environment may be a:

� nD team mate. Every nD team member is equipped with an omnidirectional light, suspended 10cm
above its hull. The light is turned on whenever the nD member has detected and locked inside its
camera’s field of view the leader D. For the purposes of the current simulation scenario nD1 is equipped
with green omni directional light while the other, nD2, has a blue one. During the simulated feeding
bout initialization phases the team driver D searches for possible teammates, trying to find their lights.

� a self luminous, spherical shaped, yellow coloured school of fish, called prey.

Visual search behaviour’s FSM, Figure 6.10, consists of the following states.

� 02 1: seeking a light prey- target of a predefined colour.

� 02 2: the coloured light target has been detected- trying to lock the target inside the camera’s field of
view.

Triggering conditions for the transitions between the above states:

� 02 a: prey has been detected.

� 02 b: prey has not been detected.

� 02 c: prey has been locked.

� 02 d: prey has not been locked.

� 02 e: prey lost.
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Figure 6.6: D01- yaw control experimental results, test A. The controller gain parameters are
KP=0.5 and KD=7×10-3.
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Figure 6.7: D01- yaw control experimental results, test B. The controller gain parameters are
KP=1 and KD=7×10-3. As expected, doubling Figure’s 6.6 KP value results in a more intensive
oscillation around the target values.
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Figure 6.8: D01- yaw control experimental results. The controller gain parameters are KP=0.5
and KD=1.4×10-2. As expected doubling Figure’s 6.6 KD value results in less nervous controller
reflexes.
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Figure 6.9: D01- yaw control experiment.

Figure 6.10: D02- visual search behaviour’s FSM diagram.

In the visual search behaviour module a PD controller takes over seeking and target locking procedures.
To test the controller, a simulated experimental scenario was implemented. According to the scenario an,
initially standstill, AUV locks and follows a moving light target using this PD controller. After ten seconds
the light target changes its direction (Figure 6.14). Figures 6.11, 6.12, 6.13 show the results for different KP

and KD controller gain parameter values demonstrating controller’s performance. As previously, in each figure
the plot at the top adds a ‘+’ mark at every controller step for each behaviour module that takes part to the
determination of output commands and shows behaviour modules interaction. The second plot from top shows
the uncoupled P, D controller left thruster output values for the correction of xε target’s centroid horizontal
error, along with xε target’s centroid horizontal error. The third shows the uncoupled P, D controller bottom
thruster output values for the correction of ψε target’s centroid vertical error, along with ψε. The fourth plot
shows the uncoupled controller outputs for the correction of αε targets detected pixels number, and αε. αε

implies the distance between the vessel and the target. Figure 6.11 shows a well tuned efficient yaw controller
while next two figures show the predictable experimentation results when P or D controller gain parameters are
altered.
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Figure 6.11: D02- visual search experimental results, test A: the AUV locks a moving light
target that follows a curved, three dimensional trajectory. At the 10th second the light target
changes its direction. The controller gain parameters for xε are KP=1.8×10-2 and KD=3×10-3,
for ψε are KP=0.5×10-1 and KD=0.1×10-1 and for αε are KP=3.5×10-2 and KD=8×10-3.
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Figure 6.12: D02- visual search experimental results, test B. All controller parameters are the
same apart from KP values that is double for the correction of xε, ψε and αε. As expected,
doubling Figure’s 6.11 KP values results in a more intensive oscillation around the target values.
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Figure 6.13: D02- visual search experimental results, test C. All controller parameters are the
same apart from KD values that is double for the correction of xε, ψε and αε As expected
doubling Figure’s 6.11 KD values results in less nervous controller reflexes.
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Figure 6.14: D02- visual search experiment.

Figure 6.15: Level D1 control architecture.

Level D1

Level 1 behaviours, Figure 6.15, initialize each simulated bout. Check for mates verifies that at least two nD
AUVs have joined the team. If this is not the case, the bout start up is delayed, for a predefined time period, by
the wait. After that, check for mates repeats the procedure. As shown at Figure 6.15, wait behaviour subsumes
01- yaw control and is subsumed by the, same level’s, behaviour check for mates.
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Figure 6.16: D11- wait behaviour’s FSM diagram.

Behaviour D11- wait During bout’s initialization phase, the leader D waits for the rest of the nD- mates
to join the team. With the help of the subsumed D02- visual search it detects the presence of nD members,
searching for their coloured lights. The interval of waiting is tw controller time steps. At the current simulation
scenario, tw=40 controller steps or 2.56sec. During this interval, wait behaviour aims at keeping D’s absolute
position as stationary as possible. That is why, apart from using the subsumed yaw control behaviour for
keeping a steady yaw orientation, it also manipulates the bottom thruster to counterbalance AUV’s, slightly,
positive buoyancy. Wait behaviour’s FSM (Figure 6.16) consists of the following states:

� 11 1: waiting for a countdown reset signal,

� 11 2: countdown for a predefined period of tw controller time steps,

and the following transitions and sensor inputs:

� 11 a: a countdown reset signal has been received,

� 11 b: a countdown reset signal has not been received yet,

� 11 c: tw time period has passed,

� 11 d: tw time period has not passed yet.

Figure 6.17: D12- check for mates behaviour’s FSM diagram.
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Behaviour D12- check for mates At the simulation scenario described in this chapter, there are two
nD team members. A bout is initialized successfully if D detects them, with their lights turned on, denoting
their readiness for hunting. nD1 is equipped with green omni directional light while nD2 has a brown one.
Every tw controller time steps check for mates changes AUV’s yaw orientation, rotating it clockwise, by an
angle of 1rad. Thus, check for mates, subsuming wait behaviour, scans for the nonDrivers’ lights. If both,
green and brown, lights are detected then everything is ready for a new hunting. The leader D starts moving,
choosing a searching course and so the bout is beginning. Check for mates behaviour’s FSM (Figure 6.17)
consists of the following states:

� 12 1: not yet ready for bout initialization,

� 12 2: yaw rotating- searching for green and brown lights,

� 12 3: bout initialized,

and the following transitions and sensor inputs:

� 12 a: 1rad yaw rotation has been accomplished,

� 12 b: tw controller steps passed and nD lights found,

� 12 c: tw controller steps passed and nD lights not found,

� 12 d: tw not completed yet,

� 12 e: hunting procedure reset signal, whenever a hunting bout has to be initialized.

Level D2

Level 2 implements the two higher hierarchy hunting behaviours:

D21- seek, searches for the simulated school of fish. Subsumes behaviours 01- yaw control and 02- visual
search, Figure 6.18, to detect fishes by the yellow colour and spherical shape of their schooling cluster.
Immediately after bout initialization, performed by 12-check for mates, seek behaviour chooses a course
following a predefined pattern, trying to explore AUV’s surrounding environment. This is the reason for
the subsumption of check for mates lower level behaviour output, lasting ts controller time steps, where
ts is the time needed for the bout procedure to complete.

D22- hunt/ feed, after the bout target has been detected, hunt/ feed subsumes seek behaviour and chooses
a circular course, trying to surround the simulated school of fish. The rest of the team members, i.e. the
two nD followers, play the role of barriers. D leads the foraging team to its feeding target, implementing
circular courses.
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Figure 6.18: Level D2 control architecture.

Figure 6.19: D21- seek behaviour’s FSM diagram.
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Behaviour D21- seek The course followed by seek behaviour may be a meandrous or spiral shaped,
Figures 6.20, 6.21. It subsumes D01- yaw control and D02- visual search to seek for the simulated school of
fish. During this searching period, ts, seek inhibits the output of the lower level behaviour D12- check for
mates and thus prohibits all the rest, visual based, behaviours from taking over thrusters’ control and stop the
hunting. Behaviour’s FSM (Figure 6.19) consists of the following states:

� 21 1: moving forward- search for fish,

� 21 2: changing course following a predefined pattern,

� 21 3: following the school of fish,

and the following transitions and sensor inputs:

� 21 a: vessel’s heading is outside course,

� 21 b: school of fish has been detected,

� 21 c: school of fish has not been detected,

� 21 d: course changed,

� 21 e: course change has not been completed yet,

� 21 f: school of fish target locked,

� 21 g: school of fish target lost.

Driver D uses two different navigation mechanisms to scan the surrounding underwater area. The first,
Figure 6.20, selects an initial heading and follows it using a meandrous course. At Figure’s 6.20 simulated
experiment D uses a meandrous pattern to maintain a resultant 0o heading. This mechanism explores half
AUV’s horizon, proceeding towards a preselected heading. That is why it is efficient when there is an anticipation
about target’s position. The second mechanism implements an incremental radius spiral course, Figure6.21.
This method explores AUV’s horizon in total and is the default scanning method used by seek behavior. At
both methods the AUV, successively, emerges and submerges between -6m and -2m, that is near the surface.
Near the surface is where the target is gathered to form school of foraging fishes and is simulated by a yellow
colour sphere with a radius of 3m.

Figure 6.22: D22- hunt/ feed behaviour’s FSM diagram.

Behaviour D22- hunt/ feed leads to the accomplishment of a successful simulated hunting bout.
Bout’s leader, D, leads all the rest nD team members to an encircling course, surrounding the detected school
of fish. Feeding is simulated by repetitious circular movements around the fishes. nD followers play the role of
barriers to block fishes’ break away attempts. Behaviour’s FSM (Figure 6.22) consists of the following states:
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Figure 6.20: D21- seek behaviour’s meandrous shaped course.

� 22 1: hunting/ feeding,

� 22 2: seeking for fishes,

and the following transitions and sensor inputs:

� 22 a: D’s course is encircling the school of fish,

� 22 b: D’s course is not encircling the school of fish,

� 22 c: school of fish target is locked on sight,

� 22 d: school of fish target is not locked on sight,

6.3.2 nonDriver role

The role of the nonDrivers, nD, team members is a subset of the Driver, D, role. It is less complicated, since
apart from the two basic navigational behaviours, yaw control and visual search, a nD team member has just
to be able to locate and follow its leader, D, that takes care for the rest of the hunting procedure.
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Figure 6.21: D21- seek behaviour’s spiral pattern course.

Levels nD0, nD1, nD2

nD role diagram, shown in Figure 6.24, shares the same D behaviour based architecture and behaviours’ finite
state machines as described in the previous sections. nD role’s is a commutative copy of D role, apart from
the following issues:

Behaviours nD02- visual search, nD11- wait and nd12- check for mates : the visual target to detect and
track is D’s red omnidirectional light. As soon as D’s red light is detected and locked on sight, the nD
member turns on its own light, green coloured for nD1 and blue for nD2. nD members do not search
for fish, they just follow the leader.

Behaviour nD12- check for mates : as soon as nD detects and locates the leader, it just follows its green
light, using 21- follow D, until the hunting bout finishes.

Level nD2 : The only behaviour that belongs to this level is nD21- follow D, as the behaviour hunt- feed is
not part of level nD2.
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Figure 6.23: Ale III AUV team foraging by a school of fish inside Webots simulation environ-
ment. All vessels are moving on the edge of the school of fish sphere. The three small frames
at picture corners are the views of each vehicle’s vision sensor. The top left is D’s frame with
the school of fish locked on its far left side, the bottom left is nD1 ’s and the bottom right
nD2 ’s. Both nD members have locked D’s red light on their CMUcam3 point of view.

Figure 6.25: D22- hunt/ feed behaviour’s FSM diagram.

Behaviour nD21- follow D : is a variation of D21- seek. It subsumes nD02- visual search, trying to lock and
follow D’s light target. Behaviour’s FSM (Figure 6.25) consists of the following states:

� 21 1: following D,

� 21 2: searching D,
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Figure 6.24: nD control architecture.

and the following transitions and sensor inputs:

� 21 a: D target locked,

� 21 b: D target lost,

� 21 c: D target found,

� 21 d: D target lost.

6.4 Experimental Results

The proposed behaviour based control scheme was tested extensively at the simulation environment. It was
proved to be efficient and robust. Both D and nD roles accomplish their missions according to the experimental
simulation scenarios.

6.4.1 Initialization Phase

Figures 6.27, 6.28 and 6.29 describe D, nD1 and nD2 behaviours interaction during the initialization phase of a
simulated feeding bout. A dot plotted at a diagram marks a behaviour that, during the corresponding controller
step, takes part at the determination of AUV’s thruster power. At the beginning of the experimentation test
depicted by the diagrams, D has a yaw orientation of 1.7rad and lies between the two non driver members, at
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Figure 6.26: Ale III AUV team and a school of fish inside Webots simulation environment.
Team driver has already detected a school of fish target and leads the two non driving vessels
towards it. The driver D has a red light on, the nD1 has a green light and nD2 has a blue one.
The three small frames at picture corners are the views of each vehicle’s vision sensor. The top
left is D’s frame, the bottom left is nD1 ’s and the bottom right nD2 ’s.

X = 0m,Ψ = 0m,Z = −4m, where XΨ is the horizontal plane. Both non driver members of the team, nD1
and nD2, have the same yaw orientation of 0rad and their position is (1,−4.5,−2.5) and (−2.5,−4.2,−2.5)
respectively. It takes 23.8sec for the driver D to detect both of its future followers with their lights turned on.
nD1 finds D in 4sec, while nD2 needs more than 13.3sec. This delay is due to the different relative orientation
between the team members. All this time D and nD members are using:

� yaw control to change their heading,

� visual search to scan the surrounding area with the camera sensor module,

� wait alternatively with check for mates to find out the rest of the team members.

6.4.2 Feeding Bout Phase

After the bout has been initialized, driver D tries to discover the school of fish that is simulated by a 3m radius
yellow sphere, positioned at (−10,−4,−13). Figures 6.30, 6.31 and 6.32 depict the seek- hunt phase that
follows feeding bout’s initialization. The driver role behaviours that take over AUV’s thrusters power control
during this phase, as shown in Figure 6.30 are:

� D02- visual search to manipulate the camera sensor module. It is subsumed to D21- seek and D22-
hunt/ feed effort to discover and lock the school of fish target inside the camera sensor’s field of view.

� D21- seek to discover and

� D22- hunt/ feed to encircle the school of fish target.
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Figure 6.27: D role behaviours’ interaction, during bout’s initialization phase.
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Figure 6.28: nD1 role behaviours’ interaction, during bout’s initialization phase.

449sec after experiment’s initiation D discovers the school of fish target. Thereafter, it approaches and finally
encircles the school of fish, leading the team to a successful hunting bout. D completes 4 spiral rotations and
performs 3 encircling trajectories around the school of fish in 1000sec (Figure 6.30).

The behaviours used after the initialization phase at the non driver role of the rest team members, nD1
and nD2, are nD02- visual search and nD21- follow D. Using these two behaviours, both nD members lock
driver’s light at their camera sensor field of view and follow D to its encircling course surrounding the school of
fish. As expected, according to the design of the behaviour based control scheme, after the initialization phase
both non driver members present the same behaviour interaction.

6.5 Simulation Issues

Webots simulation experimental results showed that the proposed behaviour based cooperative scheme was a
successful migration from the real life ACoS. Cooperative behaviour’s modules were designed on the basis of
the three level hierarchy, behaviour based subsumption architecture described in Chapter 5. They implemented
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Figure 6.29: nD2 role behaviours’ interaction, during bout’s initialization phase.
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Figure 6.30: D role behaviours’ interaction, during feeding bout phase.

a two roles team task mimicking the underwater bottle nose dolphins cooperative hunt with division of labour
and role specialization, an extremely rare behaviour among living creatures.

Due to experimentation area limitations the proposed biomimetic ACoS was developed and tested success-
fully in simulation as a proof for its consistency, robustness and functionality. Webots simulation environment
proved to be an agile and extremely useful tool for robotic controllers development and debugging. There were
not any problems like ACoS crashes or behaviours malfunction throughout the extensive experimentation and
testing in simulation. Cooperative behaviour ACoS was tested with one D instance and two, three or four nD
instances interacting and cooperating for a successful hunting bout.

The migration from the real life ACoS was an unusual procedure, since in robotics the opposite usually
happens: controllers are developed in simulation and afterwards, real world experiments test and confirm the
simulated results. In the Ale III case, it was challenging to expand the behaviour based ACoS design concepts to
a more complicated, biomimetic predator cooperative behaviour, even in the fake, simulated underwater world.
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Figure 6.31: nD1 role behaviours’ interaction, during feeding bout phase
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Figure 6.32: nD2 role behaviours’ interaction, during feeding bout phase.



Chapter 7

Conclusions

7.1 Ale III AUV

Ale III was designed to be a low cost, compact vessel, agile enough for experimentation in a laboratory space
of 1m3. All its hardware and software resources share the open source philosophy. It is equipped with a sensor
suite capable of performing basic navigation and visual perception tasks. Its computational performance is more
than enough and its three custom made thrusters enable a nimble, differential like underwater propelling. Due
to its custom design electronics solutions and the carefully chosen low power hardware Ale III features a total
operational consumption of up to 10W and enjoys a two hours of autonomous underwater operation using a
standard economy NiMH battery power supply. The combination of these specifications compose the profile
of a unique compact, low logistics vessel for indoors experimentation able to serve as a modular platform for
robotic research and development.

After a long period of self testing, Ale III was used as a research tool for developing autonomous underwater
controllers. Right after the successful implementation of PD yaw and target following controllers, a behaviour
based biomimetic controller was designed, programmed and tested proving Ale III to be a robust, agile, reliable
underwater vessel carrying smart brains, able to implement an underwater life mimetic behaviour.

7.2 Behaviour Based Biomimetic Control

A biomimetic behaviour, inspired from underwater creatures’ real life routine, was chosen as a design target
for a novel behaviour based control scheme. This behaviour commutates its states between searching, feeding,
hiding and nesting mimicking the everyday life phases of most sea creatures in underwater life. The behaviour
based approach designed atomic ACoS architecture that was implemented and debugged using Ale III platform.
The incremental design steps were programmed as a behaviour based subsumed architecture ACoS, stored
and executing on board, with respect to all behaviour based principles. The behaviour based representation
simplicity is remarkable. The easiness of programming the behaviour modules, based on their FSM, and
implementing the whole control scheme at an object oriented programming environment, significantly reduced
project’s development time. During all design, development and testing phases this scheme demonstrated
one more advantage: modularity. A new behaviour may easily be added upon an already functioning level
of competence inside the subsumed architecture. A module may also be removed or altered without any
malfunction at the lower level modules.

The experimentation results not only confirmed the behaviour based design correctness but also demon-
strated ACoS ability to sustain underwater autonomous operation undertaking typical AUV tasks and satisfying
certain constraints met at common underwater missions. This control model may emerge autonomy at under-
water operation in a sense of artificial life with sequential phases of feeding, hunting, resting etc. According to

95
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the observations during testing these typical phases of underwater life may effectively compose the solution to
AUV control. ACoS performed efficiently without the need of modelling the vessel, as this was not inside the
scope of this dissertation.

The proposed atomic ACoS has the ability to handle the most important underwater control issues and at
the same time maintain simplicity, modularity, robustness and adaptability. Its basic advantage is the intuitive
way of handling autonomy by commutating behaviours observed in the wild underwater life. The outcome of
the experimentation results proved ACoS potential to sustain underwater operation in conjunction with the
performance of typical tasks. Moreover the controller’s representation and design was remarkably efficient:
three levels of behaviour based architecture, including no more than six modules successfully supported Ale III
autonomy.

7.3 Behaviour Based Cooperative Control

The reliability and modular functionality of the biomimetic Ale III ACoS promoted the concept of practising the
same technique for the design of a novel cooperative control scheme. Behaviour based principles made simple the
rather complicated task of team cooperation with individually specialized roles devoted to each team member.
The control is decentralized and robust. Experimentation results in simulation confirmed the cooperative ACoS
functionality. Potentially, an AUV team controlled by the cooperative ACoS may be commissioned in underwater
tasks like:

Oceanography for monitoring environmental maritime conditions and pollution. The D vessel could handle
task’s initialization to form a team with several nD members and follow a course according to the survey’s
scenario. The team would scan an underwater territory and emerge for recovery. Alternatively D could
hunt a spill and use nD members as barriers to encircle and monitor the pollution.

Security for surveilling territories of interest, in search for possible intruders and threats.

Industry for fault detection in underwater facilities, oil piping and cables deployment.

7.4 Further Research and Future Plans

In this dissertation, the development of atomic or cooperating biomimetic roles was based on an interaction
between behaviour based modules organized in a multi level hierarchy. This interaction is programmed in a
static way inside ACoS framework. ACoS at the current state of development does not contain any sense of
memory or learning. This would be an interesting further research target: artificial neural network and- or
genetic algorithms evolution of an intelligent biomimetic behaviour, based on and enriched with the expertise
gained during the life time of each real or simulated experiment [59], [118]. The individual behaviour based
modules would be borrowed from the already developed ACoS versions and their interaction will be the result of
an evolution process. Under this point of view, the evolved behaviour will encapsulate the concepts of memory
and learning [158], [17]. This combination will be an intelligent behaviour based control scheme, based on the
static approach, real tests or simulation results.

The next experimentation step with Ale III will be at seashore. New scenarios will test the vessel’s potentials
in this extremely noisy and unstructured environment. The lighting conditions undersea will be a challenge for
Ale III vision system. Sea waving and currents will test vessel’s seaworthiness in the hard way, far from the
tranquil laboratory experimentation area. New control issues will arise and the behaviour based model will need
anamorphosis to compete the new more hostile conditions.

Apart from the wild, the domestic laboratory experimentation area needs expansion. Indoors experimen-
tation presents overwhelming advantages in relevance with open sea in terms of availability, feasibility, money
and time cost. To exploit the full range of them the acquisition of a tank with volume at least 3m3 will be a
great progress for the experimentation area. As realized after several months of tests in the existing laboratory
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facility, for every Ale III class AUV added to the experimentation scenario at least 1m3 of additional underwa-
ter space volume is necessary. As soon as a bigger experimentation area is available, more than one vessels
may be operated simultaneously inside the tank. This would be a great opportunity to test the bottlenose
dolphins predator cooperative behaviour ACoS with the scenario already performed in simulation, or some othet
cooperative task.
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Appendix A

Thruster Blueprints

Figure A.1: Ale III thruster top view. All dimensions are in mm.
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Figure A.2: Ale III thruster back view with the opening for the propeller stern tube. All
dimensions are in mm.

Figure A.3: Ale III thruster side view. All dimensions are in mm.



Appendix B

Electronics Schematics

B.1 Power Supply Circuit

The power supply circuit, Figure B.1, comprises from the following components:

12V NiMH 2600mAh 10AA rechargeable battery pack. Supplies electricity to the electronic devices, separately
from the noisy motors. If the external blind connector mates with the power connector, electricity
flows from the 12 battery to the 12V electronics power supply bus. If the external power & recharging
connector mates with the power connector, then:

� if the 12V charging switch is turned on, the 12V battery starts recharging via the 12V NiMH
charger.

� if the 12V external power switch is turned on, AUV’s 12V electronics power supply bus is connected
to the 12V external power supply sourcing uninterrupted power supply for unlimited time period.

7.2V NiMH 2600mAh 6AA rechargeable battery pack. Supplies electricity to the noisy motors, separately
from the delicate electronic devices. If the external blind connector mates with the power connector,
electricity flows from the 7.2 battery to the 7.2V electronics power supply bus. If the external power &
recharging connector mates with the power connector, then:

� if the 7.2V charging switch is turned on, the 7.2V battery starts recharging via the 7.2V NiMH
charger.

� if the 7.2V external power switch is turned on, AUV’s 7.2V motors power supply bus is connected
to the 7.2V external power supply sourcing uninterrupted power supply for unlimited time period
to the motor drivers.

power connector Bulgin 400 Bucaneer 8 poles panel mount connector, rated at IP68 BS EN 60529:1992 [170]
ingress protection standard. The power connector is mounted at vessels stern and functions as a power
switch or external power supply and recharging connector, depending on its mating cable connector.

external blind connector shares the same specification with the former. When it mates with vessel’s stern
power connector then it turns on AUV’s electric power, sourcing electricity from its batteries to its power
supply buses.

external power & recharging connector shares the same specification with the former. When it mates with
vessel’s stern power connector then:

� 7.2V motors power supply and 12V electronics power supply buses are connected to the 7.2V
external power supply and 12V external power supply respectively.

101



102 APPENDIX B. ELECTRONICS SCHEMATICS

P
T

N
7
8
0
6

0
W

A
H

5VoSense

6
V

o

7
G

N
D

D
E

_
S

W
A

D
J

GND2

1.8V3

Vin1

G
N

D

1
G

N
D

2
V

i

3INH

4VoAdjust

1
21
2
V

1
27
.2

V

2468 1357

p
o
w

e
r c

o
n
n
e
c
to

r

2468 1357

e
x
te

rn
a
l p

o
w

e
r &

 re
c
h

a
rg

in
g
 c

o
n
n
e
c
to

r

2468 1357

e
x
te

rn
a

l b
lin

d
 c

o
n
n

e
c
to

r

1

2

1
2
V

 N
iM

H
 c

h
a
rg

e
r

1

2

7
.2

V
 N

iM
H

 c
h

a
rg

e
r

12V charging switch

7.2V charging switch

1

2

7
.2

V
 e

x
te

rn
a
l p

o
w

e
r s

u
p

p
ly

1

2

1
2
V

 e
x
te

rn
a
l p

o
w

e
r s

u
p
p

ly

7.2V external power switch

12V external power switch

C
i

1
2

C
o

R
s
e
t

1.8V regulated power supply

3.9V regulated power supply

7.2V motors power supply

12V electronics power supply

Figure B.1: Power Supply Circuit.



B.2. COM AND SENSORS CIRCUIT 103

� 7.2V and 12V batteries are connected to the 7.2V NiMH charger and 12V NiMH charger respec-
tively.

12V, 7.2V NiMH chargers used for vessels batteries’ recharging process.

12V, 7.2V external power supply used for uninterrupted- unlimited power supply. Useful for long period
experimentation.

12V and 7.2V external power switch , turn on- off the 12V, 7.2V external power supply, respectively.

12V and 7.2V charging switch, turn on- off the 12V, 7.2V battery recharging process, respectively.

12V electronics power supply, bus for supplying power to the electronics.

7.2V electronics power supply, bus for supplying power to the motor drivers.

PTN78060WAH 3A step down, adjustable, switching regulator from Texas Instruments [168]. Supplies power
to vessel’s COM via the 3.9V regulated power supply. It is connected to the following components:

� Ci, 3µF ceramic input capacitor.

� Co, 180µF electrolytic output capacitor.

� Rset, 43Ω set- point resistor regulating the Vo output voltage to 3.9V.

DE-SWADJ 10W step down, adjustable, switching regulator from Dimension Engineering [53]. Supplies 1.8V
regulated power to the 1.8V regulated power supply bus for the needs of the inverter- buffer controlling
the serial communication between IMU and COM, see Section B.2.

3.9V regulated power supply bus for supplying COM.

1.8V regulated power supply bus for supplying the inverter- buffer controlling the serial communication be-
tween IMU and COM, see Section B.2.

B.2 COM and Sensors Circuit

The COM and sensors interconnection circuit, Figure B.2, comprises from the following components:

Thumbo motherboard 60 pin header hosting Gumstix IronSTORM I/O pins [78]. The IronSTORM COM
uses two serial ports, O0 and O2 to communicate with the CMUcam3 and Sparkfun SEN-10736 IMU
respectively, using the appropriate logic level conversions, since COM’s logic level is at 1.8V, while
CMUcam3 uses a 5V and IMU uses a 3.3V logic. All pin numbers refer to the Thumbo 60- pin DIP
header numbering. Noise on the Pin29/GPIO165 IR RXD3 line during boot can interrupt the normal
booting sequence. For that reason the CD74HC126E buffer isolates this receive line until the system is
ready for I/O communications. The CD74HC126E buffer protects

Sparkfun BOB-08745 1 logic level converter [4] to convert serial port O0 1.8V to 5V logic level used at
CMUcam3 vision sensor.

Sparkfun BOB-08745 2 logic level converter [4] to convert serial port O2 1.8V to 3.3V logic level used at
Sparkfun SEN-10736 IMU sensor.

CMUcam3 an open source, programmable, embedded colour vision sensor [43]. Communicates with COM’s
serial port O0 via Sparkfun BOB-08745 1 logic level converter.

Sparkfun SEN-10736 an open source, programmable, embedded IMU [4]. Communicates with COM’s serial
port O2 via Sparkfun BOB-08745 1 logic level converter and CD74HC126 buffer. Noise or commu-
nication signals transmitted at serial port O2 Pin29/GPIO165 IR RXD3 pin during AUV’s electronics
power- on and COM’s boot process, can interrupt the normal booting sequence and lead to a system
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Figure B.2: COM and Sensors Circuit.
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crash. This is the reason for isolating, using the CD74HC126E buffer, the serial port O2 receive signal
from the rest of the electronics, until COM has finished its boot procedure. As soon as COM has started
up, the controller program sets Pin27/GPIO 170 output to enable the buffered communication for the
serial port O2 Pin29/GPIO165 IR RXD3 pin.

CD74AC04E inverter from Texas Instruments [168], used to invert Pin27/GPIO 170.

CD74HC126E high speed, three state buffer from Texas Instruments [168], used to protect Pin29/GPIO165 IR RXD3
from noise and communication signals during COM’s booting process. The complete sequence from sys-
tem’s start up, until the beginning of receiving communication signals at serial port O2 Pin29/GPIO165 IR RXD3
is:

1. COM starts booting process. As soon as it is ready for I/O communication, sets the system enable
Pin19/SYS EN pin that drives first buffer’s enable 1OE input. Before that 1Y and 2Y are in high
impedance state.

2. Pin37/GPIO 170 data pass from buffer’s 1A input to 1Y output. Pin37/GPIO 170 value, HIGH
by default, is inverted at CD74AC04E output 1Y, holding buffer’s 2Y output in high impedance
state.

3. The user space controller program sets the Pin27/GPIO 170 output value to LOW. This value is
inverted and sets buffer’s 2OE value to HIGH, enabling buffer’s 2A input from Sparkfun SEN-10736
to pass from 2Y to Pin29/GPIO165 IR RXD3.

4. Bi- directional communication through serial port O2 has been established.

Second buffer’s enable 2OE input is LOW

R1 , 1KΩ pull down resistor disabling buffer’s output 2Y.

B.3 COM and Motor Drivers Circuit
The COM and motor drivers interconnection circuit, Figure B.3, comprises from the following components:

Thumbo motherboard 60 pin header hosting Gumstix IronSTORM PWM output pins. Three PWM lines,
one for each motor, have been activated and programmed according to motor drivers’ input signal
specifications. Once again a conversion is necessary to connect COM’s 1.8V logic level to the drivers’
5V logic level.

Sparkfun BOB-08745 3 logic level converter [4]. Converts Pin36/GPIO145 PWM10 and Pin35/GPIO146 PWM11
1.8V to 5V logic level used at Sabertooth 2×5 driver.

Sparkfun BOB-08745 4 converts Pin37/GPIO145 PWM10 and Pin37/GPIO147 PWM8 1.8V to 5V logic
level used at Sabertooth 2×5 driver.

Sabertooth 2×5 LR dual 5A motor driver [53] from Dimension Engineering controlling vessel’s two lat-
eral thrusters. S1 is the right thruster’s motor command line and S2 is for the left one, driven by
Pin36/GPIO145 PWM10 and Pin35/GPIO146 PWM11 respectively. 7.2V motors power supply powers
all motor drivers.

Sabertooth 2×5 B dual driver controlling vessel’s bottom thrusters. S1 is the command line driven by
Pin37/GPIO147 PWM8.

M L, R and B 6V direct current Graupner Multispeed 140 [77] brushed electric motors, controlled by Saber-
tooth 2×5 motor drivers.
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