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Biomimetic Autonomous Under water Vehicles (BAUVS) are a class of Urcrewed

Underwater Vehicle (UUV) that mimic the propulsive and steering mechanisms of real fish.
However, as with all UUVs, the range and endurance of these vehicles remaindimited by
the finite energy source housed on board the vehicle. Unsurprisingly, a consequence of this
finite energy source is that BAUVs/UUVs are incapable of completing the large -scale
oceanographic sampling missions required to drastically improve our understanding of the

$ EUUIT z UwO EprdeeddesiTh @vé&reome thisdimitation |, this thesisaims to investigate
the feasibility of deploying a self -coordinating group of BAUVs capable of completing the
aforementioned oceanic surveying missions despite the constraints of the local operating
environment.

To achieve this, the work presented in this thesis can be separated into four distinct parts.
The first of which is the development of a suitable mathematical model that accurately
models the dynamics of the RoboSalmon BAUV designed and built at the University of
Glasgow. As well as ensuring the models validity , its ability to efficiently simulate multiple
vehicles simultaneously is also demonstrated.

The design and implementation of the formation control algorithm used to coordinate the
vehicles is then presented. This processdescribes the alterations made to a biologically -
inspired algorithm to ensure the required parallel line formation required for efficient
oceanic sampling can be generated. Thereafter, the implementation of a realistic
representation of the underwater communication channel and its debilitating effect on the
algorithm s ability to coordinate the vehicles as required is presented.

The thesis then describes the incorporation of two methodologies designed specifically to
overcome the limitations associated with the underwater communication channel . The first
of which involves the implementation of tracking/predictive functionality while the second
is a consensus based algorithm that aims toreduce the algorithms reliance on the
communication channel. The robustness of these twomethodologies to overcoming not
only the problematic communication channel but also the inclusion of additional external
disturbances is then presented.

The results demonstrate that while the tracking/predictive functionality can overcomethe
problems associated with the communication channel, its efficiency significantly reduces
when the external disturbances are taken into consideration. The consensus based
methodology meanwhile generates the required formation regardless of the constraints
imposed by both the communication channel and the additional external disturbances and
therefore provides the more robust solution .
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Chapter 1

Introduction

1.1 Background
2 OPwWPOExxUOxUPEUI wUOWE E O Oiusl 1 B LEUDBGGE O1 U w
Arthur C. Clarke
Considering that approximately seventy percent of the EEUUT z UwUUUI EET wbU
ocean, it is easy to understand the rationale of British author, Arthur C. Clarke (Lovelock
1990) Perhaps an alternative interpretation of the above quote is that without the oceans,

life on this planet would cease to exist. RegardlessOi w OOl z UwbOUI Ux wi UE U
i

well as creating life, the oceansare also capable of causing immensedevastation through
natural disasters such as the recent tsunamis in Indonesia (Matsumaru, Nagami and
Takeya. 2012)and Japan(Raby et al. 2015)

Yet, despite its irrefutable influence to life on Earth, the current map of the entire ocean

floor is only to a resolution of 5km (Copley 20148 w3 Qwx U0 wUT DU wi T UUI whb
, ETT1 OOEOQOWUXEEI EUEIi OwOUEDUI EWEOEWOEx x1 E teqpb Ow
surface of Venust a planet millions of miles from Earth - to a resolution of 100m (Copley

2014; NASA 1994) While there are a number of reasons for this disparity in available
resolution, the overriding one is the difficulties associated with radio wave propagation in

the underwater environment (Chen et al. 2010) As a result, the ability to use satellite
technology similar to that used by the Magellan spacecraft to explore subsurface oceanic

features is, and will continue to b e, extremely limited (Copley 2014)

With the applicability of satellite technology limited, the vast majority of modern day
oceanic exploration (oceanography) is undertaken through a combination of (crewed and
uncrewed) Surface Vehicles as well as a group of underwater vehicles collectively referred

to as Uncrewed Underwater Vehicles (UUVSs) (seeFigure 1.1).



Introduction

Figure 1.1 - Combination of Surface Vehicles and Urcrewed Underwater Vehicles used in
Oceanography. (a) - Uncrewed Surface Vehicle (USVs), (b)- Remotely Operated Vehicle
(ROV), (c) Autonomous Underwater Vehicle (AUV), (d) - Autonomous Underwater Glider
(AUG) and (e) Hybrid AUV/A UG (NOC 2017) (Figure has beenremoved due to copyright
restrictions).

While crewed surface vessels are kely to remain an integral part of ocean exploration for
the foreseeable future, ther daily operational costs ($20k$50k) (German et al. 2012)do not
make them an economically viable method for the large scale data collectionrequired to
drastically improve our understanding of the oceans (Petillo et al. 2012) (Leonard et al.,
2007)

445z 00wOOwUl 1 wOUT T Uwi ECEOwWwxUOYPETI wEwWi EUwOOL
savings of up to 60% (Chance et al.2000) These savings are due primarily to the ability of
these vehicles to operate without requiring continuous human supervision (Griffiths et al.
2011; Tan et al. 2007)Furthermore, these vehiclesare alsocapable of capturing data at far
higher resolution s due to their ability totravel EI OO P wUT 1T wd BWyaret dll 20d4) Ui E E
However, with these vehiclesoperating untethered, all necessary operational equipment
must be carried on board, including the finite power source.While battery technology has
improved drastically since the inception of the first AUV (SPURV) BOwUT 1, mbdpri, Y z U
state of the art UUVs and most notably AUVs are still only cap able of covering distances
Ol EUUUT EwPOwUT T whYYz Uwoi wo b O (Marititdd PD13pudaitimg w E w x
2017a; Maritime 2018). When this limited range and endurance is coupled with the typical
modern AUV mission trajectory shown in Figure 1.2, it is apparent that AUV deployments,
in their current guise, do not present an economically viable solution for the large -scale

1
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oceanic mapping discussed above(Rumson 2018) Furthermore, regardless of the particular
type of UUV used, the lawnmower trajectory sh own in Figure 1.2 also inherently prevents
the accurate monitoring of spatiotemporal phenomena such as oil plume tracking (Petillo
et al. 2012)

—_—— e e e e e e e e e e e e — — — — — — — — — — — = o

Lo e e e e e e e e = =

Search Area Boundary

Figure 1.2 - Typical lawnmower trajectory pattern used t hroughout current AUV
missions.

The only option available to overcoming these limitations and drastically improving the
efficiency of current UUV missions is to deploy multiple collaborating UUVs (Tena 2018)
capable of selfcoordinating and generating the parallel line formation shown below in

Figure 1.3.

Deployment Area e

Recovery Area

Search Area Boundary

Figure 1.3 - Envisioned mission ov erview with multiple vehicles generating parallel line
formation to complete efficient oceanic mapping.

However, before a deployment such as the one shown abovecan become a reality, it is
necessary to design,test and optimise the necessary algorithms that will allow the various
vehicles to self-coordinate and organise themselves into the parallel line formation shown
within the Search Area Boundamyf the above figures. In the field of cooperative robotics,
this problem is known as the formation control ppblemand has been studied extensively over
the pasttwo decades for air, land, sea and space applications as reviewed in(Murray 2007,

Oh et al. 2015)and the references therein.
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COP1 Y1 UOWEUWE WU UUOU w ereventng theushidedsshil prdpagaién @i U a w
radio waves, vehicles operating underwater do so in an environment with a communication
channel characterised by low bandwidth, large delays and unreliability (Akyildiz et al.
2004) These problems are further complicated by the presence of unknown and

unpredictable external disturbances such as obstacles and oceanic currents

Nevertheless, since the start of the 2% century, not only has the feasibility of deploying
multiple UUV s simultaneously being demonstrated but also the advantages of doing so
(Ramp et al. 2009) Included in these projects is the seminal work completed throughout the
first Autonomous Ocean Sampling N etwork (AOSN) collaboration (Fiorelli et al. 2006). In
2003 this work culm inated with the successful deployment of three AUVs moving in
formation to monitor upwelling and relaxation in the Monterey Bay area (Fiorelli et al.
2006) While multiple projects have since demonstrated the ability to successfully deploy
multiple UUV s(Sotzing, C.C, Lane 2010)Brignone et al. 2009) the majority of these projects
have done so by the vehicles periodically surfacing . These surfacing periods permitted the
individual vehicles to receive a GPS positional fix as well asnew heading commands from
onshore base statiors. This requirement to periodically sur face is particularly inefficient as
it means the vehicles are expending a significant amount of energy and time manoeuvring
to the surface when they could be continuing mapping operations. Furthermore, the
maximum number of vehicles used during these projects has been limited tosix vehicles
(Leonard et al. 2010) The likely reason for such few vehicle being used in these studies &
the costs associated with purchasing the individual vehicles costing approximately
$135,000 eaclfHerkewitz 2013).

Recently, to combat this problem, smaller and far more affordable UUVs have been
produced. Included in these, is the Biomimetic AUV , Jeff(Mintchev et al. 2014)which, with
EwUOPUWEOUUwWOI w Cubty ahespeuthahthe Bebicled) ®édihbitie Bijects
discussed above.As discussed in (Tena 2016) this philosophy of designing and developing
smaller, more affordable vehicles and deploying them as part of a large collaborative gr oup
is a current research and development trend within the UUV community both in industry

and academia.

Consequently, based on the above discussion, it is apparent that there is presently scope to
investigate the feasibility of designing a formation control algorithm capable of
coordinating groups of these smaller, more affordable UUVs into a formation similar to that

showOw POw %DT UUT whdt w»UUUT T UOOUI OwbPOwOUET Uw |

algorithm designed should create the desired formation without requiring the vehicles to
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periodically resurface. This requirement will entail the algorithm having to be tolerant to

the limited and problematic underwater communication channel (Akyildiz et al. 2004).

To investigate the feasibility of designing such an algorithm, the work presented in this
thesis uses a validated mathematical model of the RoboSalmon Biomimetic AUV shown
below in Figure 1.4 which has previously been designed, manufactured and tested at the

University of Glasgow (Mazlan 2015).

Figure 1.4 - RoboSalmon BAUV designed at the University of Glasgow . (Figure has been
removed due to copyright restrictions).

Like the RoboSalmon vehicle, the formation control algorithm designed and presented in
this thesis takes inspiration from nature and is based on the behavioural mechanisms of
fish partaking in schooling behaviour. As discussed in (Aoki, 1981) and shown below in
Figure 1.5, these mechanisms result in each fish manoeuvring in either a repulsive,
orientating or attractive manner depending on the distance between themselves and their

nearest neighbour.

Figure 1.5 - Diagrammatic repr esentation of the behavioural mechanisms used by fish
while schooling .
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Analysing these behaviours and comparing them with the mission profile outlined in
Figure 1.3, it is apparent that they are analogousto the Deployment, Mappingand Recovery
phases of he proposed mission profile for multi -vehicle deployments. On initial inspection

therefore, these behaviours appear to be a particularly suitable formation control method.

Therefore, the work presented in this thesis details the design processof a formation control
algorithm based on the behavioural mechanisms of fish in schooling structures. This study
is achieved through simulation studies of the school while completing mission profiles

similar to the scenario presented in Figure 1.3. The developmentof the algorithm has been
carried out under realistic environmental constraints by including a credible representation

of the underwater environment. This representation includes the incorporation of exter nal
disturbances such as ocean currents, subsea oltacles and most importantly, the

aforementioned restrictions associated with underwater communications.

1.2 Aims & Objectives

As discussed above, although a number of projects have demonstrated the ability to

coordinate a group of UUV s, they have done soby compromising mission efficiency and
autonomy by requiring the vehicles to periodically resurface to receive new heading

commands and positional fixes. Therefore, it is the aim of this research todesign a formation
control algorithm capable of coordinating a group of UUV s to complete efficient oceanic
mapping missions despite the nuances associated with the underwater environment.
However, in order to achieve this, a number of objectives must beset Theseobjectives are

described below:

1 Implement an approp riate mathematical model that accurately represents the
dynamics of the Biomimetic AUV (BAUV) ¢ RoboSalmon - while maintaining a
practical execution time when multiple vehicles are simulated simultaneously ;

1 Design a suitable formation control algorithm based on the behavioural
mechanisms of fish in schooling structures that satisfies the requirements of the
mission profile shown in Figure 1.3;

1 Implement a realistic representation of the underwater communication channel as
well as external disturbances suchas oceanic currents and obstacles;

1 Design and incorporate suitable functionality within the formation control
algorithms that mitigates the nuances associated with the underwater

communication ch annel;
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1 Complete simulations to illustrate both the effect of implementing the nuances
associated with the underwater environment as well as the ability of the

functionality implemented to overcome these nuances.

These are the aims and objectives of thavork presented in this thesis.

1.3 Contribution of Research

The research presentedin this thesis contributes mainly to the fields of cooperative robotics
and autonomous systems as applied to the maritime environment. The specific

contributions of the work are listed below:

1 Implementation, comparison and testing of two sy stem identification techniques to
reduce the fidelity of a validated , high-fidelity mathematical model of the BAUV,
RoboSalmon;

1 Development and implementation of a formation control algorithm b ased on the

behavioural mechanisms of fish within school struct ures;

1 Improvement of UT I WEEOYI wi OUOEUDOOWEOOUUOOwWEOT C

required parallel line formation shown in Figure 1. 3is generated,;

1 Application and comparison of predictive and consensus based control
methodologies to successfully mitigate the effect of the underwater communication
channel; and

I Creation of a formation control algorithm that operates as required despite the
nuances of the underwater communication channel as well as the presence of

external disturbances such as obstacles anaceanic currents.

This work contributes to autonomous systems and cooperative robotics within the
maritime environment as it demonstrates the validity of using predictive and consensus
based control methodologies to overcome the constraints of the underwater
communication channel. Furthermore, the work also demonstrates the creation of a
formation control algorithm that is capable of operating with minimal human supervision

and without t he needto periodically resurface.

At present, the following publicatio ns have resulted from the work completed within this

thesis:

T ,E"O001 EOOwW) BWEDE W, E&AOOOPOOWS 66 Owmpl Yk KO
school of biomimetic AUVs coordinated using nearest O1 BT T EQUU w U D OE |
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International Conference on Automati, Robotics and Applications (ICARA),
Queenstown, New Zealand, Feb 1719, pp. 312317.

f McColganOw) 6 WEOEw, E&OOODPOOwWS 68 Qwpl Yk AOQw? w
biomimetic AUV formulti -YT T DE Ol wE OTCEANS E3)@EApGx; 1Glw 18-21
May, pp. 1-10.

1 McColgan, J. andMcGookin, Euan W. (2016). "Coordination of Multiple Biomimetic
Autonomous Underwater Vehicles Using Strategies Based on the Schooling
Behaviour of Fish." Roboticsh, no. 1: 2.

1 ,E"O0TEOOwW) B WEOE w, E&OOODP O O whkdtiéniDelags o thd A 8 w -
2UEET UUTI UOw" OOUEDOEUDPOOWOI OEEANSNG Aberdedr, w! B (
Scotland, 1922 June 2017.

Other publications are in preparation and will be p ublished in due course.

1.4 Thesis Outline

The main focus of this work is to design a formation control algorithm that is capable of
coordinating a group of vehicles into the required formation to ensure efficient oceanic
mapping missions can be undertaken. The algorithm design is also required to generate
this formation regardless of the nuances associated with the underwater environment. The
development and improvements incorporated in the algorithm are presented in stages
throughout this thesis. With the exc eption of Chapter 2, each chapter presents the theory
and associated functionality implemented within the mathematical model before
presenting and analysing the results obtained from the simulations completed at each stage
Of wUT 1T weol OUPUT Oz UwWET YI OOx Ol OUB8 w

Chapter 2 provides an overview of the relevant literature associated with the work
completed in this thesis. This includes a review of the current state of the art in both UUV
design and autonomy and why it is important to the work completed in this thesis

Thereafter, this chapter presents a brief overview of the different projects associated with
the deployment of multiple collaborating UUV s and how they relate to the work completed
in this thesis. Lastly, this chapter presents the different types of formation control
methodologies available and which ones have been incorporated recently within studies

associated with AUVSs.

Chapter 3 begins by providing a brief overview of the RoboSalmon vehicle and the
mechanisms used to allow it to imitate the swimming properties of the North Atlantic
salmon. Thereafter, this chapter describes indetail the original, high -fidelity mathematical

model of the BAUV, RoboSalmon. This chapter then analyses the suitability of this model
7
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to be used to model multiple vehicles sim ultaneously. The subsequent changes made to the
model are described in detail and suitable validation tests are completed to prove the

performance of these reduced fidelity models.

Chapter 4 begins by briefly describing the behavioural mechanisms associaed with fish in
schooling structures. In terms of coordinating the vehicles, these behaviours are replicated
into a number of heading and velocity control laws that when combined, make up the initial
formation control algorithm used in this work. Once th e formation control algorithm has
been presented, its suitability to successfuly coordinate the vehicles as required is

presented.

Chapter 5 describes the modifications made to the algorithm presented in Chapter 4 in
order to ensure that it operates as efficiently as possible and is able to generate the required
parallel line formation. The modified formation control algorithm is then tested in a similar

manner to the original algorithm of Chapter 4.

Chapter 6 begins by describing the nuances associated with the underwater communication
channel and the methods used to include them within the work completed in this thesis.
Simulations are then completed to test how varying parameters associated with the

underwater communication channel effects the algorithms ability to operate as required.

Chapter 7 presents and describes the preditive and consensus based methodologies
incorporated with in the formation control algorithm in order to overcome the nuances of
the underwater communication channel. The results obtained from the various simulations
completed are presented and a determination of whether or not the methodologies

implemented operate as expected is made.

Chapter 8 begins by describing the functionality included to ensure a realistic
representation of both oceanic currents and external obstacles are included. Thereatfter, the
exact same simulations completed in Chapter 7 are repeatal and based on the results
obtained, the most suitable control method (predictive or consensus based) is chosen.This
chapter then describes the results obtained from additional simulations completed to

demonstrate the robustness of the chosen algorithm.

Chapter 9 presents the results obtained from simulations completed to demonstrate that
the formation control algorithm designed and developed from Chapters 4 through to 8
operates as required and regardless of the local operating environment during reali stic

oceanic sampling missions.



Introduction

Chapter 10 concludes this thesis by given a summary of each chapter and the conclusions
drawn from the results obtained. Areas of possible future work are also given at the end of

this chapter.



Chapter 2

Literature Review

2.1 Introduction

Autonomous Underwater Vehicles (AUVSs) like all Un crewed Underwater Vehicles (UUVSs)
are extremely complicated robotic systems and are made up of many smaller interacting
subsystems These subsystems involve the merging of several areas of technology
including (but not limited to) guidance, control and navigation techniques, communication
systems andtheir associated protocols, computer science, sensotechnology, data fusion as
well as the vehicle design itself (Finn & Scheding 2010) As a result, it is easy to comprehend
that once the formation control aspect of multi-AUV collaboration is taken into
consideration, the literature available to review is exhaustive. Therefore, only the
subsystems pertinent to the work completed in this research will be reviewed in this
chapter, i.e. the guidance, control and navigation systems, vehicle design, the
communication subsystems as well as the different formation control methodologies

available.

Therefore, this chapter provide s a review of the relevant literature in the following manner.
Section 2.2 contairs a brief summary of the evolution of AUV development from their
inception to the modern day. Section 2.3 provides a detailed review of the current state of
the art in AUV technology. Section 2.4provides an overview of the various subsystems
associated with an AUV that are pertinent to the work completed in this thesis. Finally,

Section 2.5 provide a summary of the literature reviewed in this chapter.

2.2 AUV Development

371 wbOEI xUPOOwWOI w 45wl ET OOOOT awEEOwWET wOUEE]
within the Applied Physics Laboratory at the University of Washington began developing
PTECwPOUOEWET EOOT wbhbOwUOT T whuNAY93O wOT T wi DUUCwWO
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The Special Purpose Underwate Research Vehicle (SPURV) as it was named was capable
of operating at a maximum depth of 3000m for up to five and half hours (Widditsch 1973)
while using the on board temperature and conductivity sensors to record data relating to
diffusion studies (Drones 2010)

In the following two decades, AUV development continued, albeit at a gradual pace , due
primarily to the required technology being unavailable resulting in a lack of interest from

those out with the relevant research communities (Blidberg 2001). However, with the
production of higher density batteries and the availability of ever more compact computer
processing units, interest in the development of AUV technology was rejuvenated towards

the end of the 20" century. This rejuvenation resulted in the development and deployment

of a number of new, more sophisticated AUVs by a number of institut ions including
Massachusetts Institute of Technology (MIT), Woods Hole Oceanographic Institution

W' . ( AKWEOEwW2 O0UUT EOxUOOz Uw. B&dhgdighiedbElowiinaTable 2@ U UIT u

Table 2.1 - Comparison of Different AUVs (Alt, 2003).

Name Institution Depth Rating (km) Max Endurance (hrs) Weight (kg)

Odyssey MIT 6 6 195
ABE WHOI 5 34 68
AutoSub soc 1 50 1700

The subseaguent missions completed by these vehiclesresulted in a number of world firsts
including the successful laying of 175km of fibre optical cabling under the arctic ice

(Ferguson et al. 1999)nd surveying subsea lava flows (Yoerger et al. 1998)

The reliability and capability demonstrated by the above vehicles combined with the need
for the hydrocarbon industry to start exploring deeper waters resulted in the subsequent
commercialisation of AUV technology. Further more, with governments across the world
also beginning to realise the potential for AUVs to be used as efficient maritime
reconnaissance platforms (U.S. Navy 2004), demand and investment in AUV tec hnology
grew rapidly in the decade following the turn of the century (Nicholson, J.W. Healey 2008)
This new found demand resulted in the number of operational AUVs available increasing
EUEOEUDEEOOA W UOOWHOOa whalihghai iR 2@ Dtaitfle point O E u
whereby in 2007, the number of AUVs used exclusively for mili tary purposes was equal to
82 (Moline, Dana L. Woodruff, et al. 2007). Since then, continued investmentin the relevant
technology has resulted in an increased confidence in the ablity of AUVs to reliably and
successfully meet the operational requirements demanded from them by the scientific,

military and commercial sectors. As a result, it is predicted that by 2020, the global AUV
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market will increase by 49% resulting in the demand for over 900 units (Douglas-Westwood
2016)

Although the demand for AUVs has increased significantly since t heir inception in 1960,
one facet oftheir operation that has remained largely unaltered is their modus operandAUV
missions, since the deployment of the SPURV vehicle have all operated by traversing
through a number of pre -programmed waypoints (Tena 2013) Typically, these waypoints
will result in the vehicle following a lawnmower pattern trajectory similar to that shown

below in Figure 2.1.

Figure 2.1 - Typical lawnmower trajectory used during AUV missions (Moline, Woodruff,
& Evans, 2007b).(Figure has beenremoved due to copyright restrictions).

The picture presented above represents the trajectory of the popular REMUS AUV during
a mission to collect bathymetric data in Sequim Bay in 2007(Moline, D.L. Woodruff, et al.
2007) The trajectory presented demonstratesthe typical profile of a modern AUV mission
including the vehicle being deployed from a surface vessel (yellow cir cle), the vehicle
manoeuvring between the diffe rent pre-programmed waypoints (blue line) and finally, the

vehicle manoeuvring to a specified location (white circle) to be recovered.

The mission profile outlined in  Figure 2.1 highlights a number of limitati ons associated with
current AUV operational cap ability. The first and perhaps most obvious is highlighted by
the vehicles trajectory (blue line) and the fact that when compared with the surrounding
ocean, thearea mapped s relatively small. Secondly, the lawnmower trajectory presented
in Figure 2.1 also highlights the limited autonomy present in modern AUV missions in that
although the vehicle can operate unsupervised and manoeuvre between the different
PEax ObOUUOwD U uaktéhbny Goznaka ichHangds to the inission plan. This means
that potenti al areas of interest can only be identified after the mission has ended and the

data analysed.
12
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Based on the above discussion and that presented in theiterature (Tangorra et al. 2011) it
is apparent that there is currently two factors affec ting the operational capability of AUVSs;

firstl y, limited range and endurance due to the finite energy source and secondly,limited
vehicle autonomy. If, as highlighted within (German et al. 2012) advancescan bemade in
these areas,the operational capability of AUVs will improve significantl y in the next

decade.

2.3 State of the Art in AUV Technology

As discussed above, increased range and vehicle autonomy have been highlighted as two
key areas of AUV development that if improved, could improve the efficiency of modern
AUV missions. The followin g sections will now describe in detail the current state of the

art associated with these two areas of AUV research and development.

2.3.1 Vehicle Design

As shown below in Figure 2.2, since their inceptioninthe IEUT whiNt Yz UOwUT T wET U
hasremained largely unchanged with a cylindrical shaped hull that optimises the trade -off
between hydrodynamic efficiency, structural integrity and the need to maximise the

interior space available (Gao et al. 2016) The pictures presented also demonstrate that

AUVs all use propellers for propulsion and a rudder for lateral manoeuvrability. Finally,

vertical manoeuvrability is achieved by either external control surfaces position ed at the

front or rear of the vehicle (Figure 2.2 (b) and (c)) or by altering the vehicles buoyancy using

ballast tanks (Figures 2.2 (a) and (d)).

Analysing the mass and range valuesassociatd with each AUV in Figure 2.2, it is apparent
that in order to increase the range of an AUV, the size (mass) of the vehicle must be
increased significantly. While technology has improved over the decades to provide
batteries with greater energy densities (Wang et al., 2012) it remains a design restriction of
traditional propeller based AUVs that significant improvements in range and endurance

can only be achieved by increasing the number of batteries housed within the vehicle.
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(a) SPURV AUV. Operational - 1959¢ 1979. Masst 484kg.Range¢ 29km

(b) Thesus AUV. Operational + 19921996. Mass- 8600kg. Range-1360km

(c) REMUS 100 AUV. Operational 2001t Present. Masst 82kg. Ranget 72km

(1 EO24 ! 4k dw. x| {UFesabtOMAEOIk]. fahge GBOkm

Figure 2.2 - Evolution of AUV Design (EcoSUBRaobotics, 2018; Ferguson et al., 1999;
Gafurov & Klochkov, 2015; Kongsberg, 2018) (Figure has been emoved due to copyright

restrictions).

This is highlighted below in Table 2.2 where the near identical HUGIN 1000 and 3000 AUVs

are compared in terms of their mass and range. As the data demonstrates, The HUGIN 1000
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weighs 850kg and can cover a distance dapproximately 177km whereas the HUGIN 3000,
weighing 550kg heavier provides a range of 442km.(Kongsberg Maritime, 2017).

Table 2.2 - Mass and range data associated with the Hugin 1000 and 3000 AUVs.

Vehicle Mass (kg) Range (km)
Hugin 1000 850 177km
Hugin 3000 1400 442

As shown below in Figure 2.3, this relationship between an AUV z mass and its associated

range is common amongst the various commercially available AUVs (Kongsberg Maritime,
2017YECA Group 2018; Generaly Dynamics 2018)presently on the market. Based on this

data, it is apparent that the current state of the art in vehicle design and battery technology

only allows for a maximum range value of just under 600km. However, as highlighted by
(Griffiths et al. 2004) simply increasing the size of AUVs to increasetheirrange DU Oz Uwi 1 E |
or practical as it would r equire a vehicle weighing approximately 30 tonnes to produce a

long endurance AUV based on current battery technology. In order to overcome this limited

range problem, a number of organisations have designed vehicles with an entirely different

design philo sophy. These vehicles will now be discussed in the following sections.

700

600

500
g
Z 400 HUGIN Vehicles
(@]
% 300 REMUS Vehicles
- ECA Vehicles

200 Bluefin Vehicles

100

0
0 500 1000 1500 2000

Vehicle Mass (kg)
Figure 2.3 - Comparison of range and endurance values for various families of AUVs.

2.3.1.1Autonomous Underwater Gliders (AUGS)

Borne out of the desire to produce a vehicle capable of completing long endurance missions,

a number of projects where initiated whose purpos e was to replace or dramatically improve

the range and endurance of traditional propeller based AUVs (Claus & Bachmayer 2012)
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The result was the creation of an entirely new type of UUV that completely removed the

need for a propeller based propulsion system and instead, this new vehicle, used a
EOOEDPOEUPOOwWOi wEUOAEOEA WEOOUUOOWEOEWPDOT UwUO
As well as using a more efficient propulsive system, Autonomous Underwater Gliders

(AUGS) as they are commonly referred to as, also adopt far less power intensive sensors

and on board control systems (Eriksen et al. 2001) The combination of these factors results

in a vehicle that is capable of operating continuously for months at a time while monitoring

commercially available AUG s, Seagliderand Slocum are shown below in Figure 2.4.

(@)

(b)

Figure 2.4 - Two examples of commercially available AUGs (a) Seaglider (Kongsberg,
2018 and (b) Slocum. (Figure has beenremoved due to copyright restrictions).

While the range and endurance figures associated with AUGs satisfy the requirements for
long endurance missions, there arealsoa number of operational limitatio ns associated with
these vehicles The most notable of these isthe fact that their maximum forward velocity is

limited to between 0.25 m/s and 0.45 nis (Davis et al. 2002). As a result, one of the
disadvantages of operating UGSs is that their trajectories are susceptible to beingdictated

by the direction of ocean currents (Eriksen et al. 2001)
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2.3.1.2Hybrid Autonomous Underwater Vehicles (HAUVS)

In a bid to combine the best design facets of loth traditional propeller based AUVs and
AUGs, a team from the National Oceanographic Centre in Southampton have designed the

AutoSub Long Range (Furlong et al. 2007)vehicle shown below in Figure 2.5.

The AutoSub LR vehicle can be considered a hybrid AUV as it contains technology
normally used exclusively for either an AU V or an AUG. This includes the adoption of a
propeller based propulsive system commonly seen on an AUV and a set of wings that as
discussed above, are an integral design feature of AUGs

Figure 2.5 - AutoSub Long Range designed by the Marine Autonomous and Robotics
Systems team at the National Oceanographic Centre(NOC 2017) (Figure has been
removed due to copyright restrictions).

While normally the inclusion of a propeller based propulsion system would consume
significant amounts of energy, the AutoSub LR vehicle has been designed specifically to
operate optimally at velocities in the region of 0.5 m/s and 1 m/s and thus, the power
consumption of the vehicle has been significantly reduced (Furlong et al. 2012)
Furthermore, the vehiclez on board control and sensor systems have been chosen
specifically because of their low power consumption characteristics (Wynn et al. 2012) As
a result of these two design features, the AutoSub LR is capable of operating continuously

for up to six months while covering a distance of approximately 7,000 km(Marshall 2016).

2.3.1.3Biomimetic Autonomous Underwater Vehicles (BAUVS)

So far, the discussions presented above have demonstrated that in order to improve their
range and endurance, the design of underwater vehicles has had to evolve and as result,
three categories of underwater vehicle now exist; AUVs, AUGsand Hybrid AUVs. While the
design of these three vehicles have focussed primarily on improving their range and
endurance, a fourth category now exists that focusses on improving the ir manoeuvrability

characteristics.
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In order to achieve this improved manoeuvrabilit y, these vehicles take inspiration from
nature and copy the propulsive and steering mechanisms of real fish (Bar-Cohen 2011)
Unsurprisingly, this particular type of AUV is commonly re ferred to as a Biomimetic AUV
(BAUV). As it is the type of vehicle used throughout the work presented in this thesis, the
following section will describe in detail the current state of the art asso ciated with this

particular type of AUV.

Although the concept of imitating nature is not new, its application to underwater vehicles

has a relatively short history with the production of RoboTunaat MIT in the mid -to-late

ruN N §Barretu1 996)signalling the start of biom imetic underwater vehicle research. As with

the recent FILOSE project (Salumae 2013}he original purpose of RoboTunavas to facilitate

the collection of data associated with the hydrodynamic prop erties of fish like swimming .
Nevertheless, the overriding UUEET UU wOil wOT T wxUONIT EOwUT UUOUIT E
first biologically inspired underwater vehicle, the vorticity-controlled unmanned underwater
vehicle(VCUUV) (Anderson & Chhabra, 2002)shown below in Figure 2. 6.

The VCUUYV was the result of a collaboration between MIT and Draper laboratories aimed
at producing the first mission ready, biologically inspired underwater vehicle.

1 UUT 1T UPEEOOa OwUlalseal¥d up @i iofztHe aférd mdrBionéiiRabTuna
However, to ensure the vehicle could operate untethered, its design was split into two
sections (Cho 1998) a forward hull provided the necessary space to house the various
systems required for the vehicles operation while a hydraulically actuated multi -segmented
tail section allow ed the swimming gait of the tuna fish to be replicated. The experimental
results (Anderson & Chhabra 2002) for the vehicle demonstrated its exceptional turning

performance, with turning rates of up to 75 degrees per second being achieved.

(@) (b)

Figure 2.6 - Vorticity -Controlled Unmanned Underwater Vehicle (VCUUV) when (a)
assembled and (b) undertaken a turning manoeuvre with full body deflection . (Cho 1998)
(Figure has beenremoved due to copyright restrictions).
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As shown below in Table 2.3, the generd trend of BAUVSs is to possess extremely good
manoeuvrability characteristics but poor straight line speed capability. This lack of forward

speed is believed to be a result of the design tradeoff that takes place between accurately
replicating the swimmin T wl EP U wOT wOT 1 wi DUT whi DPOT wOUabOT wl
design to a minimum. As stated by (Valdivia y Alvarado 2007) , in order to accurately
replicate the swimming gait of fish using the multi -segment approach, a large number of
degrees of freedom(segments)are required. However, by increasing the number of degrees

of freedom wit hin a system, the sophistication of the necessarycontrol techniques increases

(Yu et al. 2004)as does the challenges associated with keeping the electrical equipment
waterproof (Kumph 2000) It is for these reasons that the majority of the projects in Table

2.3 decided to use between one and three joints intheir design. As a result, the vehicles

Pl Ul uwbOEEXEEOI wOi wxUOEUVUEDOT wEOWDOEEE URdpd) | wUI
et al. 2011) Furthermore, the focus of these projects on only using the posterior section of

vehicle to replicate the swimming gait resulted in an excessive lateral oscillation of thrust

at the tail of the vehicle, producin g an undesirable and detrimental excessive yawing

motion (Clapham 2015; C. M. Watts 2009; Mazlan 2015)

Table 2.3 - Summary of Prototype Biomimetic Underwater Vehicles.

Straight Line Turning
Name Speed Capability Reference
(m/s)
RoboPike 0.25 17.5 deg/s (Kumph 2000)
PF300 0.20 36.0 deg/s (Hirata et al. 2000)
PF2001 0.97 - (Hirata & Kawai 2001)
G9 0.80 130.0 deg/s (Liu et al. 2005) (Hu 2006)
(Morgansen et al. 2007)
UWFUV 0.60 ) (Triplett 2008)
RoboSalmon V2 0.20 50 deg/s (C. Watts 2009)
SPGIII 1.36 1 Body Length (Bibuli et al. 2011)
BlIOSwimmer 2.50 < 1 Body Length (Conry et al. 2013)
iSplash-I 0.70 0 (Clapham & Hu 2014a)
iSplash-Il 3.70 0 (Clapham & Hu 2014b)
RoboSalman V3 0.19 0.64 Body Length (Mazlan 2015)

In an attempt to alleviate this problem, the G9 BAUV shown below in Figure 2.7 (a) altered
the approximation of the swimming gait to take into account the motion of the an terior
section of the vehicle (Liu & Hu 2010). Although the results produced an improvement in

the swimming speed, the vehicle was still unable to achieve a realstic swimming speed.
Furthermore, (Watts & McGookin 2013) (Figure 2.7 (b)) and (Mazlan 2015) (Figure 2.7 (c))

both designed vehicles with significantly more joints as well as including an actuated
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anterior section in order to investigate whether o r not the recoiling motion of the vehicle

could be reduced. The results produced where conflicting with Watts suggesting that an
POxUOYI Ol OUwPOwx1 Ul OUOEOET WEOUOEWET wOEUEDOI
26% reduction in straight line swimming spee d. Regardless, both projects demorstrated

that even with increasing the number of segments within the posterior section, the straight

line speed obtained was still below that achieved in nature . Itis believed that the complexity

of the above designs resuted in increased mechanical lossesand as a result, unforeseen

early saturation of the actuators.

(a) University of Essext G9 (b) University of Glasgow t+ RoboSalmon V2

(c) ¢ University of Glasgow ¢ RoboSalmon V3 (d) ¢ University of Essex - iSplashll

(a) ¥+ Boston Engineering - BIOSwimmer

Figure 2.7 - Various BAUV designs.(Liu et al. 2005) (Watts 2009) (Mazlan 2015) (Clapham
& Hu 2014a)(Boston Engineering 2014)(Figure has beenremoved due to copyright
restrictions).

However , importantly , the work completed by Watts was the first attemp t at comparing
the efficiencies of a biomimetic AUV with that of a similarly sized traditional propeller

based AUV. Although the Biomimetic AUV was unable to match the traditional AUV in
20



Literature Review

terms of speed, theexperimental results demonstrated that when both vehicles travel at the
same speed, the RoboSalmon vehiclds more efficient by a factor of three (McGookin &
Watts 2012)(Watts, 2009) Similar results have been presented more recently in(Bibuli et al.
2011) These results also demonstrate that for the same forward speed, the biologically
propelled vehicle not only consumed approximately 7% less power but its turning radius

was also 40% smaller than that of the propeller based vehicle.

Therefore, while BAUVs provide improvements in both manoeuvrabilit y and overall

system efficiency, their inability to achieve forward velocities greater than one metre per

second have resulted in their applicability to realistic ocean sampling scenarios being
questioned (Clapham & Hu 2014b; Valdivia y Alvarado 2007) . This is due to the fact that at
these velocities and similarly to AUGs , it is likely that ocean currents will dictate the

vehicles trajectory. However, as shown in Table 2.3 there are two vehicles capable of
achieving significantly greater forward velocities, the iSplash -1l vehicle designed at the
University of Essex and the BIOSwimmer produced from Boston Engine ering.

The work completed by (Clapham 2015)culminating in the iSplash (Figure 2.7 (d)) series of
vehicles created a novel mechanical drive sysem combining a single electrical motor with

a crankshaft to replicate the full -body undulatory motion of the carangiformcarp fish. This

new design methodology resulted not only in a dramatic increase in the vehicles ability to
accurately replicate the swimming gait of the carp fish but also the frequenciesOi wUT 1 wUE
undulatory motion. As a result, for the first time, a BAUV could travel faster than the

species of the fish it was based on(Clapham & Hu 2014b). While the design excelled at
xUOx1 OOPOT wUI T wYI T PEOI wbOwWE wU U U &le the Vahi@et® | O w E
move in either the horizontal or vertical planes and as Clapham himself concluded, this

ability must be incorporated before the real world applicability of the vehicle is realised.

The BioSwimmer design philosophy meanwhile is more pragmatic in dealing with the
straight line speed limitations of BAUVs . As shown in Figure 2.7 (e), similarly to the other
BAUVSs, it still uses a multi -segmentedtail section to provide the superior manoeuvrability
characteristics (in yaw) while simply att aching a traditional propeller to the end of the tail
section to provide the additional thrust required to achieve sufficient straight line speed
(Conry et al. 2013) Additionally, motion in the vertical plane is achiev ed through the

actuation of a pair of pectoral fins on either side of the hull (Conry et al. 2013)

The above work has described the current state of the art in AUV vehicle design. The
literature reviewed has demonstrated that presently, there are a four different types of

underwater vehicle that can be deployed for oceanic mapping missions. While not
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explicitly stated, it is appare nt that based on the mission requirements, a particular type of
AUV will be more suited than the others . For example, traditional propeller based AUVs
with their superior velocity are more suited to search and recovery missions where the
rapid assessment d a particular area is required. Conversely, AUGs and hybrid AUVs are
more likely to be used in scientific mapping missions were ocean procesgsthat evolve over
large spatiotemporal domains need to be monitored and therefore, the long endurance
capabiliti es of AUGs and hybrid AUVs are more suited. Finally, BAUVs with their superior

manoeuvrability characteristics are more suited to be used for missions completed in

confined environments such as harbours, off shore structures or shipwrecks.

However, regardless of the particular type of vehicle used and as discussed previously,
underwater vehicles presently have very limited autonomy. Therefore, it is widely believed
within the AUV community that improvements in vehicle autonomy will drastically
improve the efficiency of oceanic mapping missions more so than any future
iterations/improvements in vehicle design . The following section describes in detail the

current state of the art in underwater vehicle autonomy.

2.3.2 Vehicle Autonomy

Autonomy within the robotics community is used to describe the level to which an
uncrewed vehicle can make mission critical decisions without the permission of a human
controller. Presently, the definition of these different levels is somewhat ambiguous with

various bodies ¢ mainly g overnmental - offering alternative definitions. Among these, is
the definitions provided by the Office of Naval Research(Button, Kamp, Curtin, & Drydon,

20090 wU T 1 w#n@#nedPeridl@ehicle Roadmap (Clough 2002) and finally those from
the Autonomy Levels for Unmanned Systems (ALEFUS) working group (Huang et al.
2005) However, only the DoDs Aerial Vehicle Roadmap provi de definitions that
encompass both solo and group autonomy and as a result, it will be these definitions that

will be used in the following work.

As shown below in Table 2.4, the roadmap defines twelve different autonomous control
levels (ACLs) that encompass systems containing zero autonomy (Remotely Operated
Vehicles (ROVSs)), partial autonomy (AUVs with obstacle avoidance capability) and finally,

a fully autonomous system which, if existed would represent an AUV capable o f
completing any mission objectiv e without requiring any human input (Suresh & Ghose
2010)
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Table 2.4 - Description of different Autonomous Control Levels (ACLS).

Autonomous Cont rol Level (ACL)

Name

Description

"UOEOwOxI UEUOUWEOBUUOBOL

0 Remotely Piloted .
operation.
Human acting in supervisory role, vehicle is
1 Remotely Guided utilising on board control systems to follow pre -
programmed trajectory.
Vehicle is capable of processing relevant sensor
. data to monitor, diagnose and identify ¢ in real
Red-Time Health . ! L 'ag . I. ity 41
2 . . time - faults within essential vehicle subsystems.
Diagnosis . .
Human operator decides necessary corrective
action.
Based on the detection of faults utilising ACL 2
Adapt to functionality as well as monitoring external
3 Environmental and disturbances such as ocean currents, vehicle
Fault Disturbances decides if and what necessary adjustments are
required to successfully complete mission
Vehicle has full mission awareness including
knowledge of mission objective (ACL 1), is
capable of monitoring and adjusting for faults or
4 Situational disturbances within the system (ACL 2 & 3) and is
Awareness System  also capable of monitoring and assessing the Iacal
operating environment to determine its effect on
the vehicle being able to achieve its mission
objectives.
Vehicle has the authority to utilise data obtained
5 On board Route Re-  from ACL 4 to alter its pre -programmed route. An
plan example scenario would be detecting and
avoiding obstacles.
Grou First level of group autonomy. Includes the ability
6 . p. to organise multiple vehicles into specific
Coordination . . . L
formation depending on mission objectives.
Similar to ACL 5 where vehic les react to an
7 Group Tactical Re- unforeseen external situation and make necessary
plan adjustments to their planned trajectory but
applied to a group scenario.
At ACL 8, the group of vehicles are able to
. efficiently reorganise themselves based on
Group Tactical - . . .
8 Goals signifi cant events in their local operating
environment such as one of the vehicles within the
group failing.
This level of autonomy requires the vehicles to be
. able to have the autonomy of ACL 6-8 but in a
Decentralised . . .
9 . decentralised manner. To achieve this level of
Mission Control . . -
autonomy intra -vehicle communication must be
established.
. Long-term, cross platform communication and
Group Strategic .
10 Control strategy formulation to successfully create and
carry out mission plan.
11 Fully Autonomous Ability to successfully complete ACLs 0-10 but

Systems

without the supervision of human operator.
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As discussed in Section 2.2 and demonstrated in Figure2.1, the majority of AUV missions
are completed by vehicles travelling unsupervised between a number of pre -programmed
waypoints (Hagen et al. 2007) As such, based on thedescriptions presented in Table 2.4, it
can be stated that presently, the majaity of AUVs can be considered to be operating at ACL
1. However, due to their ability to undertake real t ime health monitoring as described in
(Kongsberg Maritime, 2017a) , the state of the art REMUS AUVs can be considered as
having ACL 2 autonomy.

Nevertheless, although the autonomy for the vast majority of commercially available AUVs
is still at ACL 1, a number of recent studies have been focussed onntroducing adaptive
sampling techniques to improve the overall efficiency of AUV missions. Adaptive sampling
techniques, as the name suggests, uses th on board systems to process, analyse and
interpret the data obtained from the vehicles sensors in real time and if necessary, make
EOUI UEUPOOUwWUOWUTT wYl T PEOI ZUWUUENT E0COUa wUOOwI
manner (Chen, Pandey, & Pompili, 2012). The most popular mission scenario to use
adaptive sampling is feature tracking whereby methods such as gradient ascent areused to
guide the vehicle based on local fluctuations in the concentration of a measured substance
(Fiorelli et al. 2006). Practical examples include chemical plume tracking and detection
using the REMUS 100 vehicle (Farrell, Member, Pang, & Li, 2005)as well as tracking the

evolution of the thermocline region s (Cruz & Matos, 2010b).

While the implementation of adaptive sampling improves the autonomy of AUVs
considerably to ACL 5, the wides pread practical implementation of real, or near real time
adaptive sampling methodologies has been limited to a handful of projects (Cruz & Matos,
2010b; Farrell, Pang, Li, & Arrieta, 2003; Petillo & Schmidt, 2014; Zhang et al., 2010)he
reason for this is due to two factors. The first and primary reason is related to the fact that
the development of the necessary algorithms is still in its infancy and at present, the
algorithms are too processor intensive (Petillo 2015) and therefore negatively impact the
range of the vehicle.

The second reason, as disussed in (Cruz & Anibal Matos 2010) is related to the fact that
during adaptive sampling operations, the trajectory ofthe Y1 T PEOT wPUWEUA & U1 |
As aresult, there is no way to ascertain if the vehicle is operating as expected andherefore,
the safe opeation and recovery of the vehicle cannot be guaranteed. Furthermore, as
discussed in (Petillo et al. 2012) regardless of whether or not adaptive sampling
methodologies can be implemented in a safe and efficient manner, there is still an inherent
problem associated with modern AUV missions ¢ the deployment of a single vehicle.

Oceanographic processes such as the development of the chemical plumes discussed above
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can occur over spatiotemporal scales measured in the tens of days and thousands of
kilometres (Petillo 2015). As a result, the use of a single vehiclg(with a range limit of 600km
at best)to track the entire plumeisOz Owx OUUDPE Ol

To overcome this limitation, a number of studies have investigated the feasibility of
deploying a self-coordinating group of AUVs. In doing so, these groups would be able to
accurately map and monitor features over spatiotemporal scales that are simply not
achievable when using a single vehicle (Das et al. 2016) The following section will now

provide a summary of the main outcomes from this research.

2.3.2.1Formation Control of AUVs ¢ Practical Experiments

The main advantage of using a group of self-coordinating AUVs is the ability it provides to
allow ocean sampling to occur over spatiotemporal scales that presently cannot be
completed. It is no surprise then that the Autonomous Ocean Sampling Network (AOSN)
was the first collaboration to successfully deploy multiple underwater ve hicles. The
experiments carried out in August 2003 and explained in (Fiorelli et al. 2006)resulted in the

deployment of 3 AUGs to monitor upwelling and relaxation in the Monterey Bay area.

The results demonstrated the ability of a formation control algorithm based on the Virtual
Bodies and Atrtificial Potentials (VBAP) method t o coordinate the three gliders to remain in
a particular formation while maintaining a prescribed distance throug hout a 16 hour
deployment. The algorithms were evaluated by an external computer which used
navigational data received from the gliders during periods of surfacing to produce a
number of waypoints for each glider to navigate to during the subsequent submerged
periods. This pattern of periodically surfacing to receive new waypoints occurred every
two hours and as a result there was no communication between the individual gliders

throughout the entire mission.

A second experiment was completed in Monterey Bay in August 2006 (Leonard et al. 2010)
which utilised the lessons learnt from the previous deployment to increase the number of
gliders in the fleet from 3 to 6. Furthermore, the mission endurance was increasedfrom less
than a day in the previous deployment to almost a full month which allowed a distance of
3270km to be covered. The coordination methodology was an adapted version of the one

discussed above and is described in detail in(Zhang et al. 2007)(Paley et al. 2008)

Thereafter, in 2008, a teamfrom Herriot -Watt University managed to use predictive
methods to successitilly overcome the limited communication problem to coordinate two

AUVs to complete a simulated mine countermeasure mission (Sotzing, Lane 2010) The
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trials were carried out in Loch Earn and demonstrated the ability of the predictive
algorithm to correctly estimate the position of each vehicle in the group and thus optimise
each vehicles movement. The results from the trials demonstrated that as one AUV was
completing a lawn mower search pattern, the other vehicle was in a holding pattern until a
simulated mine had been detected. Once detected, the AUV changed from its holding
pattern to navigate to the position of the mine while the other vehicle continued its search

pattern.

In 2009 the European Project GREX completed a number of sea trials reking to the
coordinated movement of multiple heterogeneous AUVs using inter -vehicle
communication. Although the initial sea trials described in (Kalwa 2010) highlighted the

unreliable nature of the underwater communication channel with success rates varying
between 1872%, the final trials (Brignone et al. 2009) successfully demonstrated the
coordination of two AUVs to complete a number of simple tasks. Furthermore, in 2010,
(Smith et al. 2010) used two AUGs to cooperatively complete the tracking of a

phytoplankton bloom over a period of three days.

While the projects discussed above have proved the feasibility of deploying a self -
coordinating group of AUVs, there was one main limiting feature of these projectst the
relatively small number of vehicles us ed in each deployment. The majority of the projects
used only two AUVs with the exception being the AOSN projects which used six vehicles.
While there is likely many reasons for this , the most prominent was likely related to budget
limitations and the fact that each AUV/AUG would have cost hundreds of thousandths of
dollars (Herkewitz 2013).

To combat this problem, a number of projects in the past five years have successfully
designed, manufactured and produced a number of much smaller yet more manoeuvrable
and affordable AUVs. Included in these vehicles is the biologically inspired vehicle, Jeff
(Mintchevetal. 2014)pP T PET OwbPPUT WEWUOPUWEOU U WO wdGOOa wz hul
vehicles used in the projects discussed above. Jeff was designed as part of the ambitious
CoCoRo (Schmickl et al. 2011)project which, since its completion in 2014, hdds the record
for the largest deployment of cooperating AUVs with over forty vehicles cooperating using
biologically inspired algorithms . However, it should be noted that the work completed in
the CoCoRo project was done sounder laboratory conditions. Ne vertheless, the success of
the CoCoRo project resulted in additional funding for the ongoing subCULTron project
which aims to deploy a swarm of heterogeneous AUVs to complete large -scale, longterm
monitoring of the canals of Venice (Thenius et al. 2016) However, despite the numerous
milestones achieved by these projects, the methods used to achieve inter-vehicle
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communication can be considered a limiting feature . This is due to the requirement of the
vehicles to be within 1.4m of one another before successful commnunication can take place
(Schmickl et al. 2011) Therefore, the ability to use these vehicles to monitor oceanic features

occurring over large spatiotemporal scales is impractical.

Based on the above review, it is apparent that projects have been investigatingand testing
the feasibility of deploying groups of collaborating AUVs since the start of the 21 stcentury.
However, more importantly, in order to make large-scale, multi-vehicle deployments of
AUVs economically viable, the most recent projects have replaced the large, traditional
propeller driven/ buoyancy controlled vehicles shown in Figures 2.2-2.5with smaller, less
expensive vehicles such as the aforementioned Jeff vehicle and the RoboSalmon BAUV

used in this thesis.

Whil e being smaller and less expensve means these vehicles will have less individual
range, their ability to operate successfully as part of amulti vehicle collaboration will allow
them to cover far greater distances and mapphenomena not possible with a single vehicle.
As discussed in (Tena 2016) this philosophy of designing and developing smaller, less
capable vehicles and deploying them as part of a collaborative group is a current research

and development trend within the AUV mar ket.

2.4 AUV System Architecture

As highlighted in (Finn & Scheding 2010) all modern AUV missions rely on the successful
interaction of a number of smaller subsystems to ensurethe overall mission objective can

be accomplished.

For example, for the typical single vehicle AUV mission outlined in Figure 2. 1, the Guidance
Systemwill contain a list of waypoints that the vehicle is required to sequentially
manoeuvre through during t he course of the vehicles deployment. At the start of the
mission, the first waypoint will be used to calculate the Demanded Headingngle of the
vehicle. This angle is then passed to the vehiclesControl Systento calculate the required
Control Surface Diéectionangle that will ensure the vehicle manoeuvres towards th e desired
waypoint. Throughout this process, the Sensorand Navigation subsystems continue to
update the Guidance Systerwith the vehicles current position and orientation. Thereatfter,
the Guidance & Controlsubsystems will continue to monitor whether or n ot any further
changes to the vehicles heading angle are requiredand hence, any changes to the vehicles
control surface. This process will continue until the vehicle is within a certain rang e of the

first waypoint . After which, the Guidance Systemwill be gin to use the second point on the
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pre-programmed list and this entire process will be repeated until the end of the mission.
However, where appropriate and only after a human operator has de cided to do so,

changes to the mission plan can be made via theCommunication System

The above description details how the various subsystem operate together to ensure a
modern AUV can safely complete its mission objective. However, for a group of vehi cles to
complete the mission outlined in Figure 1. 3, it is apparent that instead of relying on a pre -
programmed list of waypoints, the Guidance Systemwill have to contain a formation control
algorithm. This algorithm will have to use the positional inform ation received from the
other members of the group to ensure the parallel line formation presented in Figure 1. 3is
created. Subsequently, the Communication Systenwill now be vital in generating this
required formation. However, before the different types of formation control algorithm are
discussed, the following sections will now describe the purpose and functionality

associated with the various subsystemsdiscussed above

2.4.1 Navigation & Sensor Subsystems

As alluded to above, the purpose of any navigation system is to provide the pilot (human
or otherwise) with an accurEUT w Ul xUl Ul OQUEUDPOOwW OT wUOT T wYIlT:
(Drapher et al. 1965)in space.

EOYI wUT T w$EUUT ZUwPEUI UawYIl BOOwshedthraudd ther 1 E U
implementation of GPS technology (Chao et al. 2010) However, d ue the rapid attenuation
of radio waves through seawater, GPS technology cannot be used as a reliable navigational
tool in the underwater environment (Paull et al. 2014) As a result, AUVs are forced to use
differ ent navigational techniques which, as shown below, can be separated into three
groups: (Stutters et al. 2008)

1. Inertial Navigation ¢ This technique involves using sensors mounted within the
vehicle to measureits translational and rotational accelerations. These accelerations
are then integrated within a dead reckoning algorithm to obtain an estimate for the
Y1 T D keltity dhdupositional data (Hegrenaes & Hallingstad 2011).

2. Acoustic Navigationt Navigation using acoustic techniques involves measuring the
Time of Flight (TOF) of acoustic signals between the AUV and transponders.
Depending on the particular type of acoustic navigation being used, these
transponders will be attached to either a surface vessel or rigidly attached to the
seafloor (Jakuba et al., 2008)

3. Geophysical Navigationt Involv es using a priori information of geophysical
parameters such as bathymetry or magnetic field strength to create an
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environmental map. This map is then used to match data obtained from the vehicles

sensors to ascertain the position of the vehicle(Leonard & Bahr, 2016)

While each of the above methods have their own advantages and disadvantages, the
navigation technique implemented within this work is the first method described above
i.e. Inertial Navigation. The main reason for this choice is due to the fact that the RoboSalmon
vehicle already contains the necessary hardware(Mazlan 2015)required to implement this
method. Furthermore, as discussed above, acastic navigation relies on the continuous use
of acoustic modems to operate. This would only further complicate the process of using
acoustic communication to allow the individual vehicles to communicate with one another
as is proposed in this work. Finall y, geophysicatavigation was also ruled out due to the fact

that it relies on a prioriinformation to operate.

In order to incorporate a realistic representation of the inertial navigation technique

described above in thework completed throughout thi s thesis a mathematical model of the
various sensors should be incorporated into the mathematical model of the RoboSalmon
vehicle. As described in (Groves 2013) a sensor can be modelled by adding a number of
error terms to the true value of the parameter being monitored. These errors include sensor
biases, crosscoupling errors as well white noise. Consequently, a sensor can be modelled

using the following equation.

# € E O (2.1)

Where is the vector representing the true YEQUIT Uw Of wUT T wYI T PEOI 7
rotational velocities, © represents the white noise component of the error, 4 is the biases
component, € is the identity matrix, 'E is the crosscoupling error and finally, is the
vector of outputs from the sensor model that represents the measuredvelocities of the

vehicle.

However, by incorporating a sensor model such as the one shown in Equation (2.1) would
only result in the need to incorporate a suitable stateestimationtechnique to remove the
errors introduced. As described in (Bryne 2017) state-estimation techniques such asthe
KalOEOw I POUT Uw T EYI wEI T Ow U Wi ndddy wddsuérédl aueli- | w hu
established and high performing technology capable of providing an accurate
Ul xUI Ul OUEUPOOwWOI wEwWYI T PEOI zUwWwOOUDOOWEEUIT Ewc
reality, a Kalman filter could be implemented to produce an accurate representation of the
YITPEOI zUwxOUPUDPOOOwWY]I OOEPUawWEOEWEUUDUUEIT wWwEE
sensor model was deemed unnecessary. As a result, for the work completed in thisthesis,
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the values obtained from the mathematical model described in Chapter 3 are passed

directly to the GuidanceSubsystem.

2.4.2 Guidance & Control Subsystem

As discussed above, the main purpose of the guidance system is to process the data
obtained from the navigation and sensor subsystems and determine if/what changes need
to be made to the vehicles direction in order to ensure it is travelling in the correct direction
(Drapher et al. 1965) In order to accomplish this, the Guidance Systernontains an Autopilot
which houses an automatic control strategy. For example, in modern AUV missions , the
Autopilot will contain a list of waypoints through which the vehicle must travel. Therefore,
the automatic control strategy will perform the necessary calculations to ascertain whether
or not the vehicle has reached the desired waypoint and if so, what changestoti 1 wYIl I DEO
heading angle are required to manoeuvre it in the direction of the next waypoint. However,
for the work completed in this thesis, the automatic control strategy wi Il be more
complicated and will involve the implementation of a formation control algorithm . The
implementation of this formation control algorithm will be discussed in detail in Chapter

4.

Nevertheless, regardless of the particular automatic control strategy implemented, the
Guidance Systeris required to produce a desired heading angle which the Control System
will subsequently use to generate the required deflection angle of the vehicles control
UUUI EEl Owb6il 6 wl1OEO2EOOOOZUWEEVUEEOQWI DO6

As presented in (Mazlan 2015), the particular controller used within the RoboSalmon
vehicle to achieve thisis a standard Pl controller that can be represented using the following

eguation:

) VWl U QO 2.2

Here, 0 and U are the proportional and integral gains while [ represents the difference

between the desired and current heading angle of the vehicle.

At this point, it is important to note that throughout the work completed in this the sis only

motion in the horizontal plane is taken into consideration. The reason fo r this is due to a

number of factors. The first of which is that although the RoboSalmon vehicle has a pair of

produced from these fins being insufficient to generate any significant pitching moment.

As discussed in (Mazlan 2015), testing of the RoboSalmon vehicle was restricted to the
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horizontal plane only and as a result, no validation data for motion in the vertical p lane
I RDUOUG w21 EOOEOCaOwPl DOl wPUwbOUOEWET wx OUUDEOI
plane, the majority of AUV missions involve the vehicle firstly travelling to , and then
maintaining a certain depth before performing the search patternspresented in Figure 1.2
in the horizontal plane. Therefore, it was deemed an acceptable simplification to only take
into consideration motion in the horizontal plane when designing the formation control

algorithms contained within this thesis.

2.4.3 Communication Sys tem

Communication in the underwater domain is characterised by low bandwidth (Redfield
2013) high latency (Diamant & Lampe 2011) and unreliability (Brignone et al. 2009) These
traits are a result of having to use acoustic means of communication due to the
aforementioned rapid attenuation of radio waves through water. As a result, the m ajority
of modern AUVs communicate very little, if at all, while submerged and instead, make use

of periodic surfacing periods where access to radio communication can be reestablished
(Petillo 2015; Paull et al. 2014)However, such techniques are not feasible in multi -vehicle
deployments like the one proposed in this thesis where regular communication among the

vehicles is essential.

In order to facilitate efficient communication among the vehicles, a suitable channel access
methodhas to be implemented. Currently, the three most popular methods are Frequency
Division Multiple Access (FDMA), Time Divisio n Multiple Access (TDMA) and Code
Division Multiple Access (CDMA) (Sozer et al. 2000)Stojanovic & Beaujean 2016)While
each of these methods have their own advantages and disadvantages, the work completed
in this thesis will incorporate a realistic representation of the TDMA protocol. The
justification for making this decision will be discussed in detail in Chapter 6. However, it is
impo rtant to note that in doing so, it is impossible for each vehicle to have a continuously
accurate representation of the positonal data associated with the other members of the
group. In fact, it is likely that the frequency at which the vehicles will receive a

communication update from the same vehicle will be measured in minutes.

In summarising, Sections 2.4.13 have provided an overview of the various subsystems
whose interaction is required to ensure AUVs operate as expected.Furthermore, the main
assumptions and simplifications mad e with regard to these subsystemsas applied to the
work completed in this thesis have also been described. As discussed above in Section 2.4.2,
in order to ensure that these subsystems can generate the required parallel line formation

shown in Figure 1.3, a formation control algorithm has to be implemented within the
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Autopilot of the vehicles Guidance SystemThe following section will now describe the
various different types of formation control algorithm available and which of these have

been tested within the AUV community.

2.5 Formation Control Algorithm

As alluded to in Section 2.4.2, the aim ofthe formation control algorithm designed in this
thesis is to allow multiple vehicles to self -coordinate and generate the parallel line
formation shown in Figure 1.3. As discussed in (Ren & Cao, 1010)modern formation
control algorithms can be separated into two categories depending on the method used to

generate the required formation

1 Formation producing algorithms : The objective of the group is to achieve a
prescribed desired formation shape.

1 Formation tracking algorithms : Reference trajectories are creted for the individual
members of the group and the agents are controlled to track these reference

trajectories.

As highlighted in (Oh et al. 2015) the topic of formation control as applied to the above two
categories is one of the most actively studied areas of multi -agent systems with the
following review papers; (Anderson, Baris Fidan, & Hendrickx, 2008;Chen, Member, Wang,
& Member, 2005; Olfati-Saber, Fax, & Murray, 2007)detailing the exhaustive literature
available on the topic. The purpose of the following four sections is tobriefly describe the
dif ferent methods used in the creation of these different formation control algorithm s as

well as their associated limitations.

2.5.1 Behavioural

Behaviour based formation control algorithms take inspiration from nature and imitate the
mechanisms used by either schooling fish or flocking birds (Balch & Arkin 1998). These
mechanisms operate by assigning a number of behaviours to each vehicle, e.g. cohesion,
collision avoidance, move to goal, obstacle avoidance and so on The resulting behaviour
used by the vehicle will depend upon a number of parameters such as distance to
neighbouring vehicles, distance to obstacles or prioritising mission objectives.
Consequently, the resulting behaviour of each vehicle varies depending on its local

operating conditions.

The work carried out in (Balch & Arkin 1998) demonstrates the effectiveness of the

behavioural methodolog y to coordinate a group of four vehicles to move in certain
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formations to a predetermined destination while avoiding static objects. The testdhave been
carried out on a number of wheeled robots within a laboratory environment where the local
conditions wo uld be more favourable than those experienced underwater. Nevertheless,
communication latency was taken into consideration during the tests and was found to be
as high as seven seconds in some instances. Further examples othe application of
behavioural basedformation control algorithms can be found in (Cruz et al., 2007)(Lawton
et al., 2003)

2.5.2 Virtual Structures

Virtual structures is an example of a formation tracking algorithm and are used to
coordinate multiple -vehicles to manoeuvre in particular formations by creating a rigid
virtual structure within which, each vehicle is ascribed their own unique reference point.
As the path of the virtual structure is predefine d, the individual vehicles are programmed
to follow the trajectory created by the motion of their reference point on the st ructure as it

translates or rotates as shown below in Figure 2.8 (Lewis & Tan 1997).

Vehiclelw O . : h
@'Qj O <> @—’Eﬂj‘ RS
Virtual slrJE:’;: @ @ G_"

(a) (b) (c)

Figure 2.8- Process of virtual structure methodology - (a) Virtual Structure and vehicles
are coincident, (b) Virtual Structure moves through predefined trajectory, (c) Individual

Vehicles manoeuvre to stay with the Virtual Structure

While studies have shown the validity of the above method for coordinating m ultiple
vehicles to maintain a specific formation (Li & Liu, 2008; Ramp et al., 2009) the
successfulness of the methodology is dependent on prior knowledge of the interested area
been known. This is a result of there being no ability to deviate from the predefined
trajectory in the event of unexpected obstacles blocking the path of the individual vehicles .
Therefore, as alluded to in Section 2.3.2, this inability of the vehicles to alter their trajectory

severely limits the autonomyof the system.

2.5.3 Leader-Follower

As the name suggests, éader-follower coordination methodologies work on the premise

that one vehicle within the group has a predefined trajectory and the remaining vehicles
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maintain a specific distance and orientation to that leading vehicle (Cui et al. 2010. This
method can be thought of as both a formation-producing algorithm and a formation

tracking due to the fact that the leader follows a reference trajectory but remaining vehicles
E O O3caldbility of this method can also be achieved by a number of the following vehicles
becoming leaders for other vehicles within the group . The simplicity of the scheme is one
of its main advantages and sea tials described in (Edwards et al. 2004)have demonstrated

its validity as a method to coordinate multiple vehicles.

However, this method relies on the successful operation of the leading vehicle, and while
this is advantageous in certain aspects, such as the simplified communication protocols, it
results in the overall system lacking redundancy (Edwards et al. 2004) On top of this, the
aforementioned communication protocols are only simplified when a single leading vehicle

is used due to the necessity of having to use communication scheduling when multiple

leaders are introduced.

Although simplistic in nature, the reliance of this methodology on the leading vehicle is a
particularly undesirable characteristic for underwater applications and one which cannot
be easily rectified by the introduction of multiple leaders. In addition, although discussed
in the literature, the effect of the inherent underwater communication delays on the success
of the leader-follow methodology has so far not been studied (Cui et al. 2009) Furthermore,
as with the virtual structuresmethod, the autonomy of this method is also inherently limited

by the fact that the trajectory of the leadelis also predefined.

2.5.4 Artificial Potential Fields

Initially presented in the mid N WY z U w 4986}, Ehe Brificial Potential Field (AFP)
method has since been used extensivelyin the robotics community for the purposes of path
planning . The method operates by assigning an attractive virtual potential to destination

points while associating a repulsive potential to obstacles. The merging of these two
potential fields results in the vehicles being simultaneously capable of manoeuvring

towards a destination point while at the same time, avoiding any obstacles within its path

(Sfeir etal. 2011).While initially used exclusively for single vehicle path planning, the AFP
method was extended to facilitate the coordination of multiple vehicles into various

formations (Kim et al. 2006) (Ogren et al. 2004).

Included in this was the work completed by (Bennet, 2010) which demonstrated the ability
of Bifurcating Potential Fields to coordinate multiple agents (vehicles) into a number of
different formations through varying a number of algorithmic parameters. Included in

these formations were the line and double line formations, a triangular formation, a ring
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and double ring formation as well as a cluster. Furthermore, the ability of this method to
not only generate a number of different formations but also simultaneously manoeuvre the
vehicles to a predefined destination while avoiding obstacles was shown in (Bennet &
Mclnnes, 2009).As well as the above, the ease at which this method could be scaled as well

as its inherent reconfigurable nature were also demonstrated.

While APF methods have many advantages, including their ability to be mathematically
verified (Bennet & Mclnnes, 2009), their successfully implementation is reliant on global
information being available. This mea ns that the formation control algorithm using an AFP
method must be fully aware of the locations of all obstacles within the environment in
which it is going to operate. However, as discussed in Chapter 1, this is not possible in the
underwater environment and would therefore be an unrealistic assumption to make. For
this reason, it was decided that the APF methodology could not be used within the work

presented in this thesis.

2.5.5 Related Researcht Simulation Based Studies

In Section 2.3.2.1, the reseatt associated with formation control algorithms in the context
of real-life deployments of multiple AUVs has been presented. In this section, the related
research undertaken using mathematical modelling and simulation techniques will now be
presented. Thisresearch is presented below in Table 2.5 and summarises the key featres
of each study in terms of the size of group simulated, the formation control strategy
incorporated, the communication strategy used and the type of mathematical model used

to simulate the dynamics of the vehicle.

What is immediately apparent from Ta ble 2.5 is that the vast majority of the studies either
did not take into consideration the delays associated with the underwater communication
channel or the delays they incorporated were unrealistically small, i.e. 0.6s-5s. Furthermore,
the data also illustrates that the number of vehicles simulated was also relatively small with
the maximum group size only being equal to six. Nevertheless, the results presented within
each study demonstrated that the chosen formation control algorithm operated as expected
and the simulated vehicles were able to generate the required formation. However, the
aforementioned unrealistic representation of the underwater communication channel,

means that the real-life applicability of these studies cannot be verified.

3T1TUITT OUIl OWEEUT EwOOwUT 1 wWEEUEwWxUI Ul OUTl EwbOuw?3
apparent that the simulation studies completed thus far do not reflect the current research
and development trends in the AUV community in terms of the desire to deploy large

groups of smaller and less expensive vehicles. Furthermore, the data presented in Table 2.5
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also highlights that the simulation studies completed have not taken into consideration a
realistic representation of the underwater communication channel. Based on this review, it
is apparent that there is the need to undertake further simulations studies that not only
investigate larger deployments of AUVs but also that the simulations completed r epresent

a realistic representation of the nuances associatedvith the underwater channel.

Table 2.5 - Summary of simulation based research associated with formation control
algorithms as applied to AUVs.

Numb er of Formation Control Communication
_ Reference
Vehicles Strategy Delay (s)
(Millan et al.
4 Leader-Follower 0.6
2014)
(Soares et al.
3 Leader-Follower 2
2013)
(Soares et al.
3 Leader-Follower 0
2012)
Yang & Zhan
6 Behavioural 0 ( g g
2011)
(Kang et al.
3 Leader-Follower 0
2009)
(Wang et al.
4 Leader-Follower 0
2009)
Taken into .
] ] (Burlutskiy et
3 Leader-Follower consideration but
al. 2012)

not specified

(Ghabcheloo et

3 Behavioural 5s
al. 2006)
2 Leader-Follower Os (Li et al. 2016)
3 Behaviour 0 (Jia & Li 2007)
2.6 Summary

This chapter has presented a review of the current state of the art associated with the
development and deployment of AUVs. The brief summary of traditional propeller based

AUVs presented in Section 2.2 illustrated their inherent range and endurance limita tions.
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As Section 2.3.1 illustrated, in an attempt to overcome these limitations, a number of
projects created underwater vehicles with entirely different design philosophies. These
projects resulted in the creation of two new categories of underwater vehi cle, Autonomous
Underwater Gliders (AUGs) and Hybrid Autonomous Underwater Vehicles (HAUVS).
These vehicles, as a result of their different design philosophy, are able to cover thousands
of kilometres over a period of several months during a single deploym ent and as a result,
satisfy the requirements associated with long term, large scale oceanic mapping.
Furthermore, as well as creating vehicles capable of improving the range and endurance
associated with AUVs, Section 23.1.3 discussed the creation of a durth category of
underwater vehicle, the Biomimetic AUV. This particular type of vehicle was designed
specifically to drastically improve the manoeuvrability associated with underwater
vehicles. Section 2.3.1 concludedby illustrating that in terms of veh icle design, further
improvements are likely only to be evolutionary and going forward, revolutionary
advances in AUV operational capability are likely to come from increasing the autonomy

associated with these vehicles.

This belief was further demonstrated in Section 2.3.2 where the literature review
demonstrated that the current focus within the AUV community is to design smaller,
cheaper AUVs with increased autonomy that are also able to operate as part of multi vehicle

collaboration.

Thereafter, Sectiors 2.4 discussed the various subsystems and their associated functionality
whose successful interaction will allow AUVs to be able to complete this collaborative
autonomy. Furthermore, this section discussed the assumptions and simplifications made

with reg ard to these subsystems as applied to the work completed in this thesis.

Section 2.5 presented the different types of formation control methodologies that can be
used to achieve this collaborative autonomy as well as discussed the advantages and
disadvantages associated with each. Finally, Section 2.5.1 presented a review of the
different modelling and simulation studies that are associated with implementing
formation control algorithms in the underwater environm ent. Importantly, this review
illustrated that the majority of these studies did not take into consideration a realistic
representation of the problematic underwater communication channel and therefore, the

real life applicability of the results are debatable.

37



Chapter 3

RoboSalmon BAUV

3.1 Introduction

Due to the complications associated with operating in the underwater environment, an

extensive campaign of algorithmic design and development is required to demonstrate
whether or not it is p ossible to create a formation control algorithm capable of completing
the mission profile outlined in Figure 1. 3. In order to complete this process, the work
completed in this thesis will use a pre-existing, validated mathematical mod el of the
RoboSalmon BAUV that has been designed and built at the University of Glasgow (Mazlan
& McGookin, 2012; McGookin & Watts, 2012; Watts & McGookin, 2013; Watts & McGookin,
2008)

The purpose of this chapter therefore is to present and describe this validated model and
consider its applicability to be used to simulate several vehicles simultaneously. Before the
mathematical model is presented though, this chapter will provide a brief overview of the

RoboSalmon vehicle and the mecharisms used to allow it to imitate the swimming

locomotion of the North Atlantic salmon.

To present the work described above, this chapter is structured in the following manner.

Section 3.2 describs the RoboSalmon vehicle and its associated systems Section 3.3
describes the accommnying validated mathematical model. Section 3.4 analyses DUz U w
suitability to simulate multiple vehicles simultaneously. Section 3.5 describes the
modifications made to the model to reduce its complexity while Section 3.6 describes the
results obtained from the necessaryvalidation process undertaken. Finally, Section 3.7

provides a summary of the work complete
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3.2 RoboSalmon BAUV

The RoboSalmon vehicle is based on the anatomy and physiology of the North Atlan tic
salmon (Mazlan 2015). This particular species of fish swims by means of Body and/or
Caudal Fin (BCF) locomotion. As described in (Sfakiotakis et al. 1999) fish that use this
particular type of locomotion do so by bending their bodies into a backward -travelling
wave that extends to the caudal fin. In order to successfully replicate this motion, the
RoboSalmon vehicle mustalso be able to generate thisbackword travelling wave. As shown
below in Figure 3.1, in order to achieve this, the vehicle is separated into two sections the

Body Sectiomnd the Tail Section

Figure 3.1 - Schematic diagram of RoboSalmon BAUV. (Figure has beenremoved due to
copyright restrictions).

The Body Sections rigid and houses the sensors, controllers, processing units and power
systems necessaryto successfully operate the vehicle. TheTail Setion meanwhile contains
eight individually actuated joints whose combined motion allows the vehicle to imitate the
undulatory motion of the North Atlantic salmon and therefore generate the aforementioned

backward travelling wave (Mazlan 2015).

Furthermore, Figure 3.1 shows that the Tail Section of the vehicle accounts for
approximately 50%-60% of the overall vehicle length. This has been designed specifically
to ensure that the vehicle is an accurate representation of the anatomy of the North Atlantic
salmon which as a result of belonging to the genus of fish called subcarangiformuses
approximately the same percentage of its body for propulsive purposes (McGookin &
Watts 2012)
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3.2.1 Actuated Tail Section

As discussed above and shown below in Figure 32, the Tail Sectionof the RoboSalmon
vehicle consists of eight revolute joints eachof which are driven by separate DC motors and

connected by seven equally sizd links.

1 2 3 4 5 6 7 8
=~ =~ =~ N = >
K/ "\\ / ’_\.‘ g "\‘J a N ‘/ ’ﬁ\l / ‘\! [/ '7\] [/ ”h\]
)N N )N ) N )N N ) N
=
Link Length

Figure 3.2 - Actuated tail section of RoboSalmon vehicle.

Figure 3.2 demonstrates that each revolute joint is free to rotate about its horizontal axis
and as a result, it is possible to position the entire tail section into a nhumber of different

configurations . An example of such a configuration is shown below in Figure 3.3.

Figure 3.3- Actuated tail section replicating travelling wave approximation.

This ability to create different configurations is achieved by rotating each joint to a
particular angle. This rotation results in the associated links moving laterally with the
resulting combined moti on of these eight joints resulting in a configuration similar to that

shown above.

In order to ensure that each joint rotates to the required angular position, a control
methodology has to be implemented. This is achieved by implementing a PID controller
within each joint which. This controller then usesthe difference between the joints actual
angular position and its desired angular position to produce an input voltage to the DC
motor . This voltage will then drive each individual m otor to rotate towards its required

angular position and hence allow the desired tail configuration to be achieved.

However, the process described above results in theTail Sectionmanoeuvring to only one

of the eight configurations required t o ensure the RoboSalmon vehicle can imitate one

UOEUOEUDPOOWOI wUT 1T w- OUUT w U Canéegueriyuwite dégedvd U w U E

of undulation setto one secondMazlan 2015), this means that the desired joint angles will
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change every 0.125sAs a result, the PID controller implemented (within each joint) must

manoeuvre each joint to the required angle every 0.125s. After the Tail Sectionhas driven
the individual joints to consecutively create these eight configurations ( within one second),
the desired joint angles are resetto their initial values and the entire process is repeated A

flow diagram representing this process is presented below in Figure 34.

Time

Select Desired Joint
Angle, Oy, for joint i

Opi
Y

> PID Controller

VInput Voltage,V;

Joint Motor & Rotary
Potentiometer

Actual Joint Angle,0 ;
Y

Figure 3.4- Flow diagram of tail section functionality for one joint .

As Figure 3.4 illustrates, the input to the PID controller is the desired angle for the motor
associated with joint i, — . Also shown is the fact that the desired joint angle selected as
input to the PID controller is based on the parameter, Time. As alluded to previously, this
parameter is included to ensure that every 0.125s, the desired joint angles for each motor
are altered to the values required to ensure the vehicle replicates the swimming motion of

the North Atlantic salmon as accurately as possible.

As highlighted in (Naddi,2015) and discussed previously in Chapter 2, although the
RoboSalmon vehicle is able imitate the swimming gait of the North Atlanti ¢ salmon, the
swimming speeds achieved by the vehicle are slower that those achieved by the North
Atlantic salmon. The main reason for this discrepancy is due to the fact that the
RoboSalmon vehicle contains only eight joints and as a result, it is impossible for it to
exactly replicate the smooth swimming gait of the North Atlantic salmon. As well as being
limited to only eight joints, (Naddi,2015) illustrated that actuator saturation also limits the
OOUPOOWOI wl1OEO2EOO000O7 UwU E thnis dtaide Bs@Bdciatel with U E U O
the physical limitations of the DC motors used and occurs when the PID controller
produces an input voltage that is greater than the limitations of the motor. When this
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occurs, the motors are no longer able to provide the required torque to rotate the joints to

their desired positions.

In summarising, the above section has described the RoboSalmon vehicle and the
functionality implemented within it to allow the swimming gait of the North Atlantic

salmon to be imitated . The above sectionhas also described the mechanical and electrical
limitations of the vehicles design that result in it being unable to achieve the same

swimming efficiency as the North Atlantic salmon.

The following section will now focus on pr esenting the functionality contained wit hin the
mathematical model of the vehicle. As discussed previously, this mathematical model has
already been validated using experimental data obtained throughout the work completed
by (Mazlan 2015).

3.3 Mathematical Model

Mathematical modelling is the process of using mathematical concepts and techniques to
accurately describe the dynamics of a particular system. Today, due to the abundance of
computer processing power available, mathematical modelling is used extensively in the
engineering community through all phases of the design process to gain insight into a
systems likely performance (Sargent, 2010) Mathematical models also provide a safe,
inexpensive and effective platform to design, test and evaluate various control algorithm s
and theories before they are implemented onto the real system as software(Murray -Smith
2012b) For these reasons, the mathematical model of the RoboSalmon vehicle provides an
ideal platform to test whether or not it is possible to design a formation control algorithm
based on the behavioural mechanisms of fish thatwill allow the mission profile outlined in

Figure 1.3to be successfully undertaken.

However, as discussed extensively in (Murray -Smith, 2012b;Sargent, 2013) care must be
taken to ensure that the mathematical model used is not only an accurate representation of
the physical system being modelled but also that the model is fit for the purpose for which

it has been designed for.

As the main aim of this thesis is to develop a formation control algorithm that is tol erant to
the nuances of the underwater environment, it was initially envisioned that the vehicles

could be represented using a simple point mass model. However, it was realised that in
doing so, future investigations associated with operating vehicles as part of a formation
would be Ilimited. One such investigation envisioned was to analyse whether

improvements in a vehicles range could be achieved by having the vehicles operate in close
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proximity to one another. Such an investigation however, would require a mathematical
representation of the vehicles drag which could not be obtained by using the

aforementioned point mass model.

Consequertly, the following section will now describe the pre-existing validated
mathematical model of the RoboSalmon vehicle before analysing its applicability to be used

to model multiple vehicles simultaneously as required for the work completed in this thesis .

3.3.1 RoboSalmon Mathematical Model Structure

As shown below in Figure 3.5, the mathematical model of the RoboSalmon vehicle @an be
separated into four main sections: Tail Actuator Dynamics Tail Kinematics Vehicle Dynamics
and finally, the 51 T DE Ol 7z GysténtUMHolg ot sirictly part of the mathematical
model, the vehiclezs GuidanceSystemhas been included to demonstrate the closedloop

nature of the RoboSalmon system

As well as presenting the general structure of the mathematical model, Figure 3.5 also
illustrates the rates at which these various sections are evaluated at. A shown, theserange
from 1000 Hz for the Tail Actuator Dynamicsdown to 4Hz for the Guidance SystenBy doing
this, the mathematical model is able to evaluate the fast dynamics with a smaller time
constant while the slower dynamic s can be evaluated with a larger time constant. This
methodology, kn own as multi -rate simulation, improves the computational efficiency of

the model without sacrificing numerical accuracy (Gear & Wells 1984; Arnold 2007).

me 1000 Hz —¢
———-200Hz |
—— 4Hz | | Tail Actuator
i Dynamics

Motor Joint Position

Vehicle :
Dynamics |

Vehicle States

Guidance
System

Tail Centre Deflection

Figure 3.5 - Mathematical model structure & guidance system.
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Before the mathematical model can be evaluated and aralysed, an appropriate
methodology has to be implemented that will allow it to be easily evaluated using a
commercially available software package. The particular method chosen is the same as that
used by (Mazlan, 2015; Watts, 2009)and is referred to as statespace modelling(Rowell
2002)

3.3.2 State Space Models & Simulation

State space modeling or the state space representation as it is often referred to as, is a
particularly convenient way to repres ent a mathematical model in order to allow it to be
easily evaluated using a commercially available software package such as MATLAB. The
method operates by representing the dynamics of the system through a number of coupled
first order differential equatio ns which can be represented using the equation shown below
(Rowell 2002):

o A0 Al 31

Here, x and 0 are the state and state derivative vectors with the state vector,x representing
the outputs of the mathematical model. A and B are known as the process and input
matrices while u is the input vector. Depending on the order of the system being modelled,
the size of the aforementioned vectors and matrices will vary. For example, for an n® order
system with r inputs, x and 6 will both be column vectors of length, n, A will be a n-by-n

square matrix, B will be an n-by-r matrix and u will be a column vector of length r.

Due to state-space modelling being able to evaluate rnh order systems, it can be used to
evaluate complex, multiple input, multiple output systems (MIMO Systems) and as a result,
is used frequently in th e modelling and simulation of marine vehicles (Murray -Smith 2012a;
McGookin 1997; Mazlan & McGookin 2012; Fossen 2011)

In order to use Equation (3.1) and the state space representation toevaluate a particular
mathematical model, a number of procedural steps must be adhered to. These deps are

shown below in Figure 3.6.
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Initialisation

Numerical
Integration

[

Data Storage

Simulation time
expired?

Post

Processing

Figure 3.6- Flowchart of state space modelling technique.

Firstly, at the beginning of each simulation within the Initialisation section, the column

vectors, x and u are populated with their initial conditions while  the matrices A and B are
populated with their constant values. Then, using Equation (3.1) in the Modelsection, the
state derivative vector, 0 is evaluated. This vector is then passed to theNumerical Integration
section where it is numerically integrated to obtain new values for each of the states
contained within the vector, x. These states are then stored in gparate output vectors within

the Data Storagesection to provide a time history of the values calculated for each state.
Thereatfter, if the simulation time has not expired, Figure 3.6 illustrates that Equation (3.1)
is evaluated once again except this time with the updated values for the state vector x
calculated previously in the Numerical Integrationsection. These updated values are then
used to obtain new values for each of the state derivatives which are then integrated to
obtain a new state vectorx. As Figure 3.6 demonstrates,this entire process is repeated until
the end of the simulation. Once the simulation time has expired, the data contained within

the Data Storagesection will contain a complete time history of the values calculated for

each shate. These time histories canthen be used to analyse the dynamics of the system

being modelled

3.3.3 Simulation Variables & Reference Frames

In order to generate a suitable mathematical model of RoboSalmon, the kinematics of the
vehicle must be defined. The first step in this process is to define the frames of references
i OUwUT T welotity ,Pdsitoh gntd etentation in three dimensional space (Fossen 1994)
To achieve this, two reference framesare implemented: the bodyfixedreference frame and

the Earth-fixed reference frame. As the name suggests, thebodyfixed reference frame is
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attached to, and moves with the vehicle as it manoeuvres through space. The Earth-fixed
reference frame is thought of as the inertial frame of reference and is therefore fixed to a
point in space (Stevens & Lewis 2003) These referene frames and the associated notation

are presented below in Figure 3.7.

As the motion of the tail and the subsequent forces generated are confined to the vehicle,
these are evaluated with respect to the bodyfixed frame of reference. For the purposes of
guidance, navigation and control, it is more appropriate to know the position and
orientation of the vehicle in the Earth-fixedreference frame(Cai et al. 2011) This means that
the velocities and accelerations calculated with respect to the bod/-fixed reference frame
must be translated into their equivalent parameters in the Earth-fixedreference frameusing
$UO0I Uz UwU O U E@HRIMOOReiO1986). | OUIT Ouw

N Earth Fixed
X Ye

Figure 3.7- Body & Earth fixed reference frames used.

Furthermore, Figure 3.7 demonstrates that within the bodyfixed reference frame, the
RoboSalmon vehicle has six degrees of freedom- one rotational and one translational for
each of the three dimensions shown. Associated with each of these degrees of freedomwill
be aforce and translational velocity as well as a moment and rotational velocity. These
forces, moments and velocities are used to describe the dynamics of the vehicle and the
standard notation used to describe them, created by the Society of Naval Architects and
Marine Engineers (SNAME) (Fossen 1994)s presented below in Table 31.
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Table 3.1- SNAME notation used to define motion of marine vehicles

Degree Motion Forces & Linear and Position and Euler
of Description Name Moments Angular Anales
Freedom P Velocities 9
1 Motion in Surae X (N) L () ()
x-direction 9
Motion in
2 y-direction Sway Y (N) v (m/s) y (m)
Motion in
3 z-direction Heave  Z(N) w (m/s) z (m)
Rotation o
. Roll K (N EE
about x-axis ° (Nm) p (rad/s) . waopU A
Rotation o
. Pitch M (N d/ UEE
about y-axis e (Nm) q (rad/s) . wo A
Rotation o
about z-axis (Nm) r (rad/s) w U A

In summarising, the above two sections have not only described the state space
representation used to evaluate the mathematical model but also the reference frames
implemented to accurately evaluate not only the forces, accelerations and velocities of the
vehicle but alsoits position and orientation in space. Building on this, the following sections

will now describe the functionality contained within the various subsections of the

mathematical model shown previously in Figure 3.5.

3.3.4 Tail Actuator Dynamics

As discussed in Section 3.21, the tail section of the RoboSalmon vehicle is comprised of
eight revolute joints with each containing a separate DC motor and PID controller. To
accurately model the motion of these joints, the functionality contained within this section
of the model not only has to contain a mathematical representation of the DC motors but
also an identical version of the PID controller implemented within the vehicle. As shown
below in Figure 3.8, in order to achieve this, the functionality implemented is separated in

two subsystems within a closed-loop feedback control structure.

Commanded Step /™ A0 Vi [ Mathematcal Model | Motor Angle;

Anglej &Tj PID Controller of DC Motor

Figure 3.8- Structure of functionality within  Tail Actuator Dynamicssubsystem.
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Figure 3.8 demonstrates thatthe input to the Tail Actuator Dynamicssection of the model is
a commanded step angle for each motor, j Once again this angle has beenspecifically
chosen to ensure that theTail Sectionof the vehicle is able to imitate the swimming gait of
the North Atlantic salmon as accurately as possible. This angle, as shown above,is then
compared with the actual angular position of motor j to prod uce anerror, ® —which forms
the input to the control system. As discussed above, this control system is a standard PID
controller which can be represented using the following equation:

© Vo—0 w00 0 To‘_ (32)
Here, w— represents the aforementioned error between the required and actual motor
angle, & is the required voltage for motor j to achieveits desired angular position and 0

and 0 are the proportional, inte gral and derivative gains of th e control system.

Up to this point, the functionality (Equation (3.2)) and processes discussed are identical to

those implemented within the control architecture of RoboSalmorg TailiSection In order to

model the motion of each revolute joint, a mathemati cal representation of the dynamics of

the DC motors has to becreated. To achieve this, the electrical and mechanical properties

of the DC motor s are modelled using the equations shown below which EOOE D Ol w- 1 Ub
and Kirkhoff z U w O E bhéves Beénffaken from (Franklin, G., Powell, J., EmamaNaeini

1991)

~2E 6 + ] (33)

¥ AN +E (34)

Here, L is the motor inductance, ij is the current for motor j, R is the resistance, Vis the
voltage applied to motor j (evaluated using Equation (3.2)),f and[ are the motor angular
velocities and accelerations, respectively, J is the moment of inertia, b is a damping

constant, + is a motor constant, and + is the torque coefficient.

Based on the discussion presented in Section 3.3.2niorder to evaluate the angular positions
of each motor using the equations presented above, they have to be rearranged into their

equivalent state space represenation. This is shown below in Equation (3.5).
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2 + .
v — Tt —I1 p
I B y N -
0 11 T 0] e v (35)
1t Ap n
u * n
Where the state vectorx in Equation (3.5) is defined as:
@ 3
@ 9 — (3.6)
1] —

Equation (3.5) demonstrates that the system of equdions representing the electrical and
mechanical properties of the DC motor can be reduced into a state space representation
consisting of a number of coupled first order differential equations. As a result, the state
derivatives given in Equation (3.5) can now be numerically integrated to obtain values for
the angular position of each motor, —based on the input voltage V; supplied to the motor
via the PID controller. Finally, it is important to note that as discussed in Section 3.2.1, the
Commanded Step Angle for each motor, j changes every 0.125s in order to ensure the

vehicle replicates the swimming gait of the North Atlantic salmon.

3.3.5 Tail Kinematics

Although the functionality described in the previous section allow s the angular position of
the individual joints to be estimated, the diagram shown below in Figure 3. 9 demonstrates
these argular positions are evaluated with respect to individual references frames

associated with each revolute joint.

IY IE’; J}'r JYA ])" JYh JY I:'x
0] 0, i 0 0 s 0y 0,

— 3 Xy (5 Xy Xs — X — X Xy

slejlelelele)le)l

g
Figure 3.9 - Individual reference frames of tail section.

Therefore, a methodology has to be implemented that will translate these angular positions
into their corresponding displacements in the bodyfixed axis. To achieve this, a simplified
representation of the Denavit-Hartenberg (Niku 2001) convention is implemented. As the
Tail Section of the RoboSalmon vehicle can be thought of as a robotic manipulator, a
simplified representation of the Denavit-Hartenberg convention provides a valid method

by which the lateral displacement of the individual joints , as well as the caudal fin, in the
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bodyfixedaxis, can be evaluated(Niku 2001). The simplified representation can be used due
to the assumption that there is no link offset or twist associated with each revolute joint.
After applying these simplifications, t he D-H convention operates by applying the
transformation matrix shown below to each of the links shown abovein Figure 3.9.

ecq, -sq 0 a,@
J_1_|__gsqj cg, 0 0 ﬂ 37
"éo0 0 1 o0u 37)
€0 o o 14

Here, jrepresents the revolute joint (motor) for which the transformation matrix between
itself and the previous joint is being evalua ted for, c and srepresent the cosine and sine of
the angle, ¢;j (Equation (3.6)) and a represents the link length. To evaluate the position of
each joint in the bodyfixed axis, the matrix presented above is populated with the

appropriate values and used in conjunction with the following equation:

f f (38)

This multiplicatio n of matrices produces a 4x4 square matrix of the following form:

ey N, hy Ro

u
T_:grzl M2 Ta3 Pyu

: gal lp T3 Pzﬂ (39)
g0 0 0 1y

Where the elements r, representthe relative orientation of th e two joints and the P elements
represent the longitudinal , lateral, and vertical position of the jt joint with respect to the

bodyfixedaxis.

Therefore, in order to evaluate the position of the caudal fin in the bodyfixedaxis, Equation
(3.8) is extended to include all eight matrices representing the transformation between

neighbouring reference frames as demonstrated below in Equation (3.10).

f ARAAAAARRRND (3.10)
In summarising, the above two sections have described the functionality contained within
the mathematical model that allow sthe motion of the Tail Sectionof the RoboSalmon vehicle
to be modelled. This functionality included elements that have been implemented within

the physical RoboSalmon vehicle such as the PID controller andthe associated gains as well

as modelling elements, such as the mathematical representation of the electrical and
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mechanical dynamics of the DC motors. Furthermore, the functionality implemented
within the model to transform the angular position s of each revolute joint into its lateral
and longitudinal position in the bodyfixed axis has also been described. As a result, the
motion of the caudal fin can now be estimated which, as shown in Figure 35, forms the

input to the next main subsystem of the mathematical model, the Vehicles Dynamics

3.3.6 Vehicle Dynamics

Regardless ofthe particul ar type of vehicle being modelled, the mathematical models used
to evaluate their dynamics will likely be derived fUOQw - 1 b 0w Wsing this
approach, the dynamics of any marine vehicle can be represented using Equation (3.11)

shown below.

Eo Foo oo I‘r_ W (3.11)

Where normally, M would represent the rigid body mass and inertia properties of the
system being modelled. However, as explained in (Fossen,1994) for marine vehicles, an
additional component has to be included in this term to account for the additional inertia
added to the system as a result of it displacing a cetain volume of the local fluid medium

it operates in. This additional term also has to be added to the Coriolis and Centripetal
matrix, C. Therefore, for the purposes of describing the dynamics of the RoboSalmon
vehicle, the matricesM and C can be thought of as consisting of two parts: rigid body inertia

and added mass inertia.

While the components, M and C are created as a product of the derivation of the standard
6 DoF rigid body equations of motion, the remaining vectors IT’I and Wrepresent the
external forces and moments acting on the vehicle. These include the hydrodynamic
damping forces,  such as the vehicles drag, the restoring forces,l due to the balance
between the gravitational and buoyancy forces acting on the vehicle and finally, the
vehicles inputs forces and moments, Wcreated from its propulsive and control surface

subsystems.

The vectors o and o represent the accelerations aml velocities of the vehicle as calculated
in the bodyfixed axis while t represents the posiion and orientation of the vehicle in the

Earth-fixed axis.

As with the equations used to model the dynamics of the DC motors, Equation (3.11) has
to be rearranged into its equivalent state -space representation before it can be numerically

integrated. This state-space form is shown below in Equation (3.12).
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T E Ao Ao H o o E W (3.2

The mathematical functionality and equatio ns contained within the matrices M, C, D, ¢
and o are all detailed extensively in both (Mazlan, 2015;Watts, 2009)as well as Appendix
A of this Thesis.

In order to demonstrate where the outputs from the Tail Kinematicssection of the model are
used within the Vehicle Dynamicssection, the following section will now describe the
functionality contained within the vector, Wwhich, as mentioned above, represents the

external forces and momentsacting on the vehicle.

3.3.6.1Description of External Forces & Moments

The RoboSalmon vehicle generates its propulsive thrust by using its Tail Sectionto imitate
the swimming gait of the No rth Atlantic salmon and thus, produce the same propulsive
backward travelling wave that exists in Body and/or Caudal Fin locomotion (Sfakiotakus
et al; 1999). Consequently, a suitable mathematical methodology has to be implemented

that will produce an esti mate for the thrust created from this motion.

Due to its intricate nature, there exists very few methods to accurately estimate the thrust
generated (Sfakiotakus et al; 1999y fish locomotion . One such method that has been used
and is particularly suited to estimating the thrust generated from subcarangifornhocomotion
DU wWOOOP O wE Warge Arhpitudd BHbApétedBady Theoflyighthill 1971) . As described
by (Ellerby 2010), this method estimates the thrust by modelling the transfer of momentum
between the fish and the surrounding fluid using the equation shown below.

Y 400 Qs gao & &4 (3.13)

At this point, it should be highlighted that w and k represent the perpendicular and
tangential velocities of the caudal fin tip and — represents the angle between the caudal
fintpandthex-ERPUS w3 T PUwPUWETI EEUUITI w+DT T UI OOz UwWUOT I
concentrated at the trailing edge of the tail (Tytell 2004), i.e. the caudal fin tip. Therefore, it

is within the above equation that the position and orientation of the caudal fin as calculated

using Equation (3.11)is used within the Vehicle Dynamicsection of the model.

Once thethrust force has beenevaluated using Equation (3.13), it has to be separated into

its x and y components. To achieve this, the following equations are utilised:
O YOEH4
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(3.14)
0 NQgg

Here, ® and & represent the thrust forces acting in the longitudinal and lateral directions
respectively, — represents the angle between the centreline of the tail section and the x
axis, Q g gis the longitudinal distance between the caudal fin and the position O1 wUOT T wY 1l T E
centre of gravity and finally, 0 is the resulting yawing moment created due to the lateral

component of the thrust force and the moment arm, Qg 8

3.3.7 Vehicle Kinematics

In order to translate the bodyfixedvelocities calculated by humerically integrating Equation

(3.12) into their Earth-fixedequivalents, a transformation is required. As discussed in Fossen

(1994), ths transformation is made up of a series of angular rotations that must be
completed in a particular manner as outlinedin $ UOT Uz Uw3 T 1 OUI OwOOw1 OUE

The transformations can be separated into their translational and rotational components

and represented mathematically using the following equations .

€ |
(3.15)
g |
Here
whohy @ %A &
(3.16)
| o @ "l nMh &

In Equation (3.15) & and X represent the Euler transformation matrices for the linear and

rotational velocities respectively and are shown below in Equations (3.17) and (3.18).

W O— [ 0% | —i 1% | %] %l —
g i [ O0—] W% %i —i [ | %o - 0w %o (3.17)
i — %o W —0 %o
P i —0 ©%0 —
. Tt (;L)%o i %o
€ i % %o (3.18)
1L - -
W— wW—

By rearranging Equation (3.17), it is now possible to represent the above transformation in

the desired state-space form:
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As with Equation (3.12), these velocities arenumerically integrated to obtain not only the

position of the vehicle in the Earth-fixedreference frame but also its orientation.

Finally, by combining Equation (3. 19) with that of Equation (3.12), it is now possible to
express the entire RoboSalmon mathematical model in the required statespace

representation as shown below in Equation (3.20).

I E Al A I H I ¢ W (320)
In summarising, Section 3.3 has provided an overview of the structure and functionality
contained within the validated, high -fidelity mathematical model of the RoboSalmon

vehicle. The following section will now analyse the run time performance of this model

with respect to its ability to simultaneously simulate multiple vehicles.

3.4 Mathematical Model Performance

The performance of a mathematical model is often measured with respect to its ability to
accurately represent the dynamics of the system being modelled (Murray -Smith, 2012) It is
mathematical detail and complexity implemented within it has to increase(Zeigler, Kim,
Praehofer, 2000) Unsurprisingly, th is has the undesirable effect of increasing the time taken
to evaluate the model, i.e. its execution time. However, (Sargent, 1999)suggests that instead
of simply creating an overly complex representation of the system, a model should be
developed for a specific purpose and its validity measured w ith respect to that purpose.
This is further emphasised by both (Murray -Smith, 2012)and (Brooks & Tobias 1996)who
state a successful mathematical model often involves a trade-off between the level of detail
included, the corresponding speed of solution (execution time) EOE wUT 1 wOOEI
As shown in (Mazlan 2015), while the ability of the model described in Section 3.3 to
accurately model the RoboSalmon vehiclehas already been demonstrated its applicabil ity
to be used to simulate multiple vehicles simultaneously in a time efficient manner has yet

to be established.

To achieve this, the mathematical model described in Section 3.3has been alteredto allow

it to model multiple vehicles simultaneously. The subsequent relationship between the
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number of vehicles modelled and the associated execution time of the model is presented

below in Figure 3.10.

70 [moemem e s e
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Vehicles Modelled

Figure 3.10 - Relationship between the number of vehicles modelled & simulation
execution time

While it is unsurprising that the magnitude of the execution time increases as the number

of vehicles modelled increases, Figure 3.10 demonstrates that on average, for each
additional vehicle incorporated, the simulation time increases by approximately five
minutes. This results in an execution time of over an hour for a scenario lasting only 10

minute s and including 12 vehicles.Therefore, given that the work completed in this thesis

aims to investigate scenarios involving this number of vehicles, the mathematical model, in
DPUUWEUUUI OUwl UPUI OwbPUOzZUwWUUDPUEEOT wi OUwWUT T wU

research.

As a result, modifications will have to be made to the model in order to produce an
improvementin itsexecution time. Before these alterationsare made though, it is important
to analyse the model in greater detail to understand which of its subsections are particularly
inefficient. To achieve this, shown below in Figure 3.11 is the execution time for these

various subsections as a percentage of theéotal execution time of the model.
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Figure 3.11¢ Percentageof simulation time used to evaluate functionality contained
within various subsystems.

The results presented above clearly demonstrate that the vast majority of the models
execution time is attributed to evaluating functionality within the  Tail Actuator Dynamics&
Kinematicssections of the model. The reasons for this being the case are due to a numbeof
factors. The first of which is due to the fact that the functionality contained within this

section of the model is evaluated at a rate of 1000 Hz. Secondlythe requirement to use the
4th Order Runge-Kutta algorithm to numerically integrate Equation (3.5) results in these
equations being evaluated four times every one thousandth of a second. Finally, the fact
that the vehicles Tail Sectionis comprised of eight motor joints means that the functionality

described above is evaluated 32 times every 0.001s.This means that overall, the
functionality contained within this section of the model is evaluated 32,000 times per

second.

In order to substantially improve the execution time of the model, it is apparent that the
functionality contained within this sedion of the model will have to be either modified or
replaced. As the remaining sections of the model, i.e. the VehicleDynamicswill remain
unchanged, the techniques implemented to replace this functionality will have to produce
the exact same outputs asthe original model and as shown in Figure 35, these outputs are
the position and orientation of the caudal fin.

3.4.1 Model Categorisation

As discussed in (Sj6berg et al. 1995and presented below in Table 32, mathematical models
can be categorised into three groups depending on the level of prior knowledge used in
their construction. In this work, prior knowledge represents the implementation of
Il UUEEODUIT T EwxT aUPEEOw UI OBEUR @ithih Ehe thathentatchl w E U w

model.
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Table 3.2- Categorisation of Mathematical Model Structures.

Model Category Category Description

The mathematical model is perfectly
known; it has been possible to construct it
entirely from prior knowledge and
physical insight

White -Box

Some physical insight is available, but
Grey-Box several parameters remain to be
determined from observed data.

No physical insight is available or used, but
the chosen model structure belongs to

Black-Box families that are known to have good
i Ol RPEPOPUAWEOEWI EYI
xEUUZ

Regardless, lased on the descriptions presentedbelow, the RoboSalmon model presented
thus far can be categorised as a white-E OR WO OET OWEUIl wUOOwWUIT T wi EEUL
enttiUl Qawi UOOwi PUUU wx UD B Ealy ofMotidnufat the @hiae-dy radicsOz U u
and* DUET Ol I ZUwOEPwi OUwUT 1 wEaOE ObAsexplanediOEd E U |
description section of Table 32, these types of models provide the user with the greatest

physical insight into t he system being modelled but in many cases canbe overly complex.

Black box models meanwhile provides the user with zero physical insight and instead

operate by using measured experimental data to create a mathematical strucure that is able
to map a systems response entirely from its inputs (Ljung 2001). This process of creating
the relevant mathematical structure based on a systengs inputs and outputs is known as
System Identification (Bai & Giri 2010; Ljung 1999) As opposed to the mathematical
modelling procedure s used in the creation of white -box models, black-box modelling can
be thought of as more of a curvefitting procedure . Nevertheless, when implemented
correctly, this procedure has been shown to be capable of accurately modelling the
dynamics of many complex systems by incorporating simple mathematical basis functions
(Nielsen & Madsen 2006; Jin et al. 2001)

Grey-box modelling incorporates aspects of both white and black box modelling techniques
to combine the individual strengths of the two methods with the aim of producing the most

accurate and efficient representation of a systems dynamics(Bohlin 2006).

Due to the fact that they are created using simple mathematical basis functions (Hauth

2008) it is proposed that the functionality contained within the Tail Actuator Dynamics &
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Kinematicssubsections be replaced with a black-box model representation. In doing so, it is
anticipated that the execution time of the model can be improved while maintaining the

validity of the original validated model.

3.5 Reducing Model Complexity

The aim of this section is to ascertain whether or not the system identifications techniques
discussed abovecan beimplemented to create a blackbox model to replace the processor
intensive functionality contained within  Tail Actuator Dynamics& Kinematics subsection of
the RoboSalmon mathematical model. To begin, shown below in Figure 3.12is the proposed

changes to the structure of the mathematical model.
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Figure 3.12- Comparison of (a) original mathematical model structure ( b) proposed model
structure.

On inspection of Figure 3.12, the input to the proposed black box model will be the required

tail centre deflection angle,] of the vehicle (its rudder angle) while its outputs , as shown
above, will be the position and orientation of the caudal fin. Before a decision can be made
as to whether or not system identification techniques can be implemented to replace this

functionality, the relationship between these inputs and outputs needs to be analysed.

To achieve this, open loop simulations of the original, validated model where completed
that varied the value for1 (Input) in 30°increments throughout its entire oper ation range.
The associated position and orientation (Outputs) of the caudal fin were then recorded and

the mapping between these inputs and outputs are presented below in Figure 3.13.
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A number of observations can be made with regard to the motion of the caudal fin as] is

EOUI Ul EGw3l 1l wi PUVUUDWEGEwW XTI UT ExUwOOUUwWwOEYDPOUL
response. However, given the undulatory nature of fish locomotion, this is not at all
surprising. More importantly though, Figure 3.13 demonstrates that when averaged over a

single tail beat (one second interval), the position of the caudal fin, i.e. how much it deviates

i UOOWUT T wYIT TPEOI ZUwWEIT O U Adai s Is Onsupdsing ,agaxnon U D O (
zero] will move the position of the cau dal fin laterally to either the right or left hand side

of the centreline. Intuitively, the greater the deflection angle, the greater the lateral distance
between the caudal fin and the vehicles centreline.
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Figure 3.13- Evolution of caUE E OQwi D Owx O U b U 2adés dhfodybowYne U H O U U u
vehicle's operation range.
Upon further analyses of Figure 3.13, it is apparent that in order to create a black-box model
that is capable of represen® OT wUT 1 wl YOOUUD OO wO I wdhghbutis éntire E O wi
operational window, an additional input parameter on top of | will have to be used. This
is due to the fact that only through a combination of two parameters can each of the
transient and steady-state motions presented above be uniquely identified. This is

demonstrated below in Figure 3.14 where these two input parameters are compared with

the corresponding output (caudal fin position) of the system.
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Figure 3.14- Relationship between system inputs (top) and corresponding system
response (bottom).

As well as| hFigure 3.14 demonstrates the second input parameter, & which represents
the change in] from onetail beat period (one second) to the next Figure 3.14demonstrates
that for each uniqgue combination of these input parameters, there is a similarly unique
output from the Tail Actuator Dynamics& Kinematics functionality in the form of the
associatedl YOOUUD OO wOI sydditibnuheobghdtitir@atpartuiey tail beat period.

Based on the results presented abovethe structure of the black-box model used to replicate
the functionality contained within the Tail Actuator Dynamics& Kinematicssubsection will

take the form of that shown below in Figure 3.15.

BlaCk-BOX Evolution of Caudal
AG, MOdel Fin Postion

Figure 3.15 Black-box model structure to replace functionality within ~ Tail Actuator
Dynamics& Kinematicssubsystemsfor caudal fin position.

Finally, as shown above in Figure 3.12 (b) and discussed previously, the position of the
caudal fin as calculated using the proposed black-box model shown in Figure 3.15 is
immediately used within the thrust calculation section of the m odel. Since this functionality

is evaluated at 200 Hz, it is a requirement of the proposed black-box model to produce an
UxEEUI EwYEOUI wi OU uidh leveny & @055 A& Oraslltbtiezolitputron the

black-box model presented abovewill contain 200 elements with each element representing
the position of the caudal fin at that particular point in the tail -beat period. This means that

the evaluation of the resulting black-box model occurs once every second and a simple
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indexing operation can be used to ensure the correct position is passed to the thrust

estimation section of the model in the interim period.

As the bottom graph of Figure 3.13 illustrates, the input/output relationship for the
orientation of the caudal fin is much simpler and is una ffected by changes in] . As a result,
a simpler, second blackbox model can be used to represent this relationship as shown

below in Figure 3.16.

BlaCk-BOX Evolution of Caudal
MO del Fin Orientation

Figure 3.16- Black-box model Structure to replace functionality within  Tail Actuator
Dynamics& Kinematicssubsystems$or caudal fin orientation .

The black-box model proposed to replicate the evolution of the caudaOQwi DOz Uw OUDI
contains just a single input, Time. This is due to the fact that as shown in Figure 3.13, time
is the only parameter that the orientation of the caudal fin varies with and as a result, it has
to be used as input to the black-box model. With the tail-beat frequencgf the vehicle being
egual to one second and the subsequent functionality within the model being evaluated at
200Hz, thisinput parameter will vary between zero and one in 0.005 increments. As a result,

unlike the black-box model presented in Figure 3.15 this model is evaluated at 200Hz.

3.5.1 System Identification Process

As discussed previously, the processused to create blackbox models is known as System
Identification and occurs over three stages:Data Acquisition, Model Set¢éion & Evaluation
and Model Validation(Ljung 1999). The following sections will now discuss the steps taken
within each of these stages in an attempt to create a black box model capable of replacing
the functionality contained within the Tail Actuatar Dynamics & Kinematicsubsection of the

model.

3.5.1.1Data Acquisition

Black-box models are created exclusively from the input/output data obtained from the

system being modelled. This data acquisition occursduring specially designed experiments

where the user knowingly selects specific inputs that ensures the data obtained represents

Ul T wlavuul OzUwUI UxOOUT wUOT UOUT T Bodtbewndrld tomple@d D U T u
in this thesis, the relevant data is obtained from the original validated model presented in

Section 3.3. In order to obtainthe relevant data, a number of open-loop simulations where
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performed using the full nonlinear validated model. As discussed above, these simulations
where designed specifically to ensure that the response of the system iie. the motion of the
caudal fin) was obtained for |  (system input) values 0T UOUT T OUUOwUT T wyYl T
operation range, i.e.-90° O 1 09 in 5° intervals. As well as obtaining the steady-state
responses of the system, the transient response of the systemt both positive and negative -

from each steady state value offy were also obtained.

Once theses simulations where performed, the data obtained was arranged into a three
dimensional matrix (row, column, page) of si ze 200 x 37 x 37. Within this matrix, the column
and page dimensions are used to represent the unique combination of system inputs
(1 ©3) shown in Figure 3.15 at the aforementioned 5° intervals while the row entries

represent the corresponding position of the caudal fin every 0.005s.

3.5.1.2Model Selection

Once the relevant data has been acquired from the system,the next phase of the process is
the evaluation of the mathematical model or the mathematical basis functions. However,
before this can occur, a particular mathematical model structure has to be selected. As
described in (Ljung, 1987), this is the most important choice to be made in the System
Identification procedure and although numerous different model structures exist, a

generalised form can be described as the weighted sum of a given basis function

V= L' ok (3.21)

Where U is the model output, | represents the individual weightsand ' & E represents
the evaluation of the chosen basis function for the input parameters represented by the
vector, 0 E .

Analysing Equation (3.21), it is apparent that the main decision to be made is what
particular basis function to use. As described in (Horvath & Sergey 2003), there are many
different functions to choose from including simple polynomials functions, Fourier Series
approximations as well as Taylorz Beries expansions. However, the work completed in

this thesis uses a similar but slightly more complicated version of the generalised form
presented above known as an artificial neural network ( ANN). An ANN can be classified
as an interconnected graph of simple mathematical functions whose operation can loosely
be described as mimicking the function of the brain (Gurney, 1997) Like the brain, ANN s
have the ability to dearnz from the data they process and under certain user-defined

conditio ns are capable of evaluating any given function (Cybenko 1989; Norgaard 1997;
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Sjoberg et al. 1995) It is for this reason that ANN s have been implemented in this work to
estimate the unknown mapping between the systems inputs gy E O E w) and the

corresponding position of the caudal fin.

3.5.1.3Artificial N eural Networks (ANNS)

Shown below in Figure 3.17 is the standard structure of an ANN with an Input layer, a

Hiddenlayer and an Output layer.

Unsurprisingly, the Input layer of a neural network contains its inputs which as discussed
previously, for the wor k completed in this thesis, are the two parameters, ur E O E wThg
Hiddenlayer contains a number of user-defined artificial neurons. Finally, similarly to the
Input layer, the size of the Output layer is dictated by the number of outputs required from
the network. As discussed previously, due to the 200Hz update rate of the Vehicle Dynamics
section of the model (Figure 3.12 (b)), this value needs to be equal to 200. While the siz of
the Input and Output layers are dictated by the networks inputs and outputs, the number
of artificial neurons contained within the HiddenLayeris user-defined. Based on the work
completed in (Blum 1992) (Berry & Linoff 1997) (Heaton 2009) (Masters 1993) it was
decided that in order to ensure the network would be able to successfully prod uce an
accurate represenE UD OO w Ol wUT 1 wEEUEEOQuwi POz UwOOUDPOOOWI
this Hiddenlayer.

Input Layer Hidden Layer Output Layer

Figure 3.17- Structure of standard neural network.

Once the various layers discussed above lave been defined, theoutput from the ANN used

in this work can be expressed mathematically using Equation (3.22) shown below.
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UxEa & EA x @ (3.22)

Here, U represents the ' output from the network, x represents the strength of the
interconnecting weight s between the input @ and the it neuron in the hidden layer, m
represents the number of inputs to the network, Zis the activation function contained
within the i t neuron of the hidden layer, E represents the interconnecting weight between
the it neuron in the hidden layer and | t output neuron, g is the number of neurons in the

hidden layer and finally, & is the activation function for the | " output neuron.

While the size of the various lay ers of the ANN have been defined, it is apparent that the
particular activation functions represented by & and Ain Equation (3.21) have yet to be
chosen As shown below in Equation (3.23), it was decided that an approximation of the
hyperbolic tangenfunction would be incorporated within the neurons of the Hidden and

Output layers.

Again, @-represents the system inputs,| represents the numerical strength (i.e. the weight)
of the individual connections be tween the various layers of the network and finally,

W representsthe output of the neuron.

The reason for chosen the hyperbolic tangent function is to ensure that when averaged, the
outputs obtained from the neuro ns in each layer are equal to approximately zero. This, as
highlighted in (Le Cun et al. 1998)ensures the results obtained from the neurons are not
biased in a particular numerical dir ection and as a result, the training process d the neural

network is quickened.

This training process operates by implementing an algorithm that continuously alters the

values for the various interconnecting weights (w and k in Equation (3.22)) until a suitable
validation criteria has been satisfied and thus, the outputs from the ANN are deemed to
produce an accurate representation of the system being mapped. While there are many
different types of training algorithm available, the majority of projects usea variation of the
popular optimisation techn ique known as gradient descent (Qian 1999) Included in the se,
is the backpropagation algorithm used in this work . A full derivation of the

backpropagation method is presented in Appendix B.
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Unsurprisingly, in order to allow this training process to be completed, not only does a
suitable training algorithm need to be selected but also data must be supplied to the
network that represents the inputs and associated outputs of the system for which the

network is attempting to map. This data is referred to as thetraining data of the network

and for the work undertaken in this research, is equal to the matrix of data obtained and
described in Section 35.1.1

In order to ensure the training process produces an ANN that is an accurate representation
of the system being mapped, a validation methodology has to be incorpor ated within the
training algorithm. To ensure that the ANN is able to accurately model the entire
operational range of the vehicle and not just the values contained within the

aforementioned training data a process known as cross validation is undertaken.

This process involves using a validation data set to measure the ability of the network to
predict the systems response to unseen data. As a result, it provides a superior metric by

which to determine t he ability of the network to model the systems entir e operational range
EOQEwl UEUEOQOUI T UwUT ECwUT T wdi Ub OU ganetalishtisnKioghw E O
1995)

While the particular validation methodology used within this work has been defined, a
suitable validation metric still has to be set. The particular technique implemented in this
POUOWPUWOOOPOWEUWUOT T w3l 1 b QatlRuEls Q01 PeddiOepalvated” O1 i
using the equation shown below:
1.0
—a (y_ ym)2
ni;
1290 120
- + | =
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Where, R represents the validation error, y represents the desired response from the

(3.24)

network, y m represents the networks actual response and n represents the number data
points to be compare. In this case, the value of n is equal to the number ofnetwork outputs,
200.

AUPOT wUOI T w3T1 DPOzUw( Ol gUEOPUaw" Ol i i PEPI OWwWE U
normalises the difference between the two sets of data. This means that the value oR will

always be between zero and one A value close to zero signifies that the two sets of data are

similar while a value close to one signifies that the two sets of data are sigrificantly
different.
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Using this metric, the training algorithm discussed ab ove was evaluated and the weight
values, i.e.w and k in Equation (3.22) associated with the minimum value for RrRthroughout
this training process calculated. Subsequently, for the training process undertaken in this
work, shown below in Figure 3.18, is the evolution of the validation error, RrRas the training
algorithm progresses through a number of epochsA single epochis completed once the

training algorithm has completed a singl e training routine using the training data.

The results presented below demonstrate the expected behaviour with a relatively large
initial error before the validation error begins to decrease as the training routine evolves.
This reduction continues until approximately the 2500 epoch after which, the validation
error begins to slowly increase and continuous to do so until the end of the training routine.

Based on these results, the weights which will be used in the validated network are those

calculated immediately before the validation error begins to increase, i.e. the 2455 epoch.

0.07

Validation Error - €

0 500 1000 1500 2000 2500 3000 3500
Epochs

Figure 3.18- Evolution of validation error.

In summarising, the work presented above has described the methods used to create an

- - WEEXEEOI woOi wOOETI 600DO0T wlT 1 woOU b d@houtddd enticel 1 w1
operational window. Furthermore, the cross -validation process undertaken and presented
above in Figure 3.18 suggests that the ANN created s capable of producing an accurate
Ul xUI Ul OUEUDPOOwWOT wlT 1 wE E UE E QalidatdugotessdsddIiedO 6 w3
this black-box model in place of the original functionality contained within the  Tail Actuator
Dynamics & Kinematicssubsection and validate the entire models response against the

original validated mathematical model.
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Howev er, before this process occurs, another much simpler method of replacing the
functionality within the Tail Actuator Dynamics & Kinematicsubsection is presented. This
method has beenused widely and involves replacing the functionality described in Sectio n

3.3.4 with a number of look up tables.

3.5.2 Look Up Tables

While look -up tables have been in existence for centuries, their purposet to replace the
evaluation of complex mathematical functions with tables containing the corresponding

function values - hasremained largely unchanged.

In order for a look -up table to be constructed, the combination of variables that produces a
unigue solution to the functionalit y being replaced must be identified. For the work
completed in this thesis these parameters are) , and3) . In order to identify the correct
point in the tail beat cycle, the parameter, t also has to be incorporated By incorporating
these three parameters, the LUT can be considered a three dimensional structure where
every possible combination of the above three variables produces a unique solution (and

position in space) as shown below in Figure 3.19.

T

Figure 3.19 - Diagrammatic representation of 3-Dimensional look up table.

Itz UwE x xréaniFig@diaudthat the arrow is pointing towards a particular point in space
and as a result, the value obtained will represent the position of the caudal fin for that
unique combination of 1 ,3) and t. Therefore, during a single tail beat cycle, the values on
the) and 3y axis will remain unchanged while the value for t will vary. Again, because of
the requirement to provide data to the Vehicle Dynamicsubsystem at a rae of 200Hz, the
vertical axis in Figure 3.19 (and the equivalent field in the look up table ) will include 200

values.
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In order to populate the look up table with the relevant values, the high -fidelity model
described in Sections 3.3was evaluated for all p ossible integer combinations of 7 and 3
and the resulting motion of the caudal fin i ndexed within a look -up table. Once the table
had been fully constructed, a simple indexing operation is used to retrieve the correct data

based on the values of] ,3] and,t.

While the construction of the ANN described in Section 3.5.2.3required a validation process,
UT 1T wbOEOUXxOQUEUDPOOWO! wiOT T wOOOOwWUx wUEEOI wOOEIT C
contained within these tables have been taking directly from the original v alidated
mathematical model. Therefore, as long as the hdexing operation has been completed
correctly, the look up tables, by default, will provide an accurate representation of the

relevant functionality.

3.6 Model Validation

The aim of this section is to demonstrate whether or not the black-box models presentedin

the previous two sections once incorporated into the full mathematical model, allow the
dynamics of the RoboSalmon vehicle to be accurately modelled. To achieve this, a number

of different scenarios have been simulated using these reduced fidelity mode Is and the

results compared with those from the original, high -fidelity model. As discussed
previously, the particular parameters compared will be those presented in Table 3.1, i.e. the

surge, sway & yaw velocities of the vehicle as well asthe position of the vehicle in Earth-
fixedERDUWEOE wi DOE O Oa OwU I As with thé \RlEalion proceds tompiee® T wE O
in Section 3.5, the scenarios completed have to ensure the entire operational rangef the

vehicle is tested, i.e.-9® O 1 O9(°. To achieve this a combination of open and closed loop

manoeuvres are used

3.6.1 Open Loop Manoeuvres

For the open loop manoeuvres, the well-known zig -zag and turning circle manoeuvres are
used. These manoeuvreshelp evaluate particular characteristics of marine vehicles based
on known rudder inputs. The turning circle manoeuvre, for example, is used to determine
the manoeuvrability characteristics of a vehicle (Faltinsen 2006) while the zig-zag
manoeuvre evaluates the response ime of the vehicle in yaw (Fossen,2011). These
particular manoeuvres were used as they cantest the validity of the models throughout
their entire operational range, i.e.-9® O 1 O9C. This is shown below in Table 3.3 where

the values used for 1 across the two manoeuvres are presented.
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Table 3.3- »r valuesused during various open loop simulations .

Zig Zag Manoeuvre Turning Circle Manoeuvre
] +(10,20,30,4 +(50, 60, 70, 80, 90)°

The zigzag manoeuvre operates by setting the deflection angle of the control input, 7 in

this instance, to a specific value until the vehicle manoeuvres to a particular heading angle,

¥. At this point, the input is changed to -} and remains there UOUDOwWUT T wYIi T DEC
angle manoeuvres to, + ¥. Then, the control input is changed back once againto + and the

above process is repeatedlJsing this manoeuvre, the tail centre deflection angle will switch
between £, . As a result, for the four manoeuvres presented in Table 33, the values of

tested will be -404A A in 10° intervals.

heading angle rotates through a full 360°. As a result, to test each of the) values presented

in Table 3.3, ten simulations have to be completed.

In order to complete the validation process, an identical simulation has beenundertaken for

each of the manoeuvrespresented in Tables 3.3using the original high -fidelity model, the

reduced fidelity model containing the look up table (RFMLUT) and the reduced fidelity

model containing the ANN (RFMANN) . As shown below in Table 3.4, he results obtained

from the zig -zag manoeuvresfrom the sereduced fidelity models have beencompared with

those obtained from the high -fidelity model using the The DOz Uw ( O1 GUEGB@ a w" ¢

presented previously in Equation (3.24).

Table 3.4- TIC values for zig zag manoeuvres with Look up Table Model .

] Surge Sway Yaw X-Pos Y-Pos  Heading Avg

+10 1.27x10¢  1.49x10° 6.4 x10° 4.82x10 1.36x10°  5.64x1C¢  4.82x10°
+20 1.57x10F  1.84x108  5.5x10°¢  7.71x107 1.04x16°  5.62x10¢  4.28x10¢
+30 1.70x10°  1.90x10° 4.97x10¢  8.80x107 7.90x106  5.02x10¢  3.73x10¢
+40 1.81x1¢  1.90x10°  4.83x1C¢  1.04x10¢ 8.18x10°  5.14x10°  3.82x10¢

Table 3.5 - TIC values for zig zag manoeuvres with Neural Network Model .

] Surge Sway Yaw X-Pos Y-Pos  Heading Avg

+10 3.1x108 8.9x108 7.5x108  5.29x16*  4.5x10%  2.50x16®  4.4x108
+20 4.5x163 1.2x102 9.2x103 8.70x10* 4.6x103 2.70x163 5.6x103
+30 4.9x108 1.1x102 1.0x102  8.45x10*  1.5x10°  2.50x10°  5.2x103
+40 5.4x108 1.1x102 1.2x102  8.72x10*  5.9x10°  5.00x10*  6.6x103
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Overall, with the average coefficient value being of the order 10% and 103 for the RFMLUT

and RFMANN models respectively, the results suggest that both models are capable of
accurately replicating the dynamics of the RoboSalmon vehicle when -K Y WAKY W8 w6 i D
both small, the results presented above demonstrate a significant difference in the
coefficient values obtained from the RFMLUT and RFMANN models with RFMLUT model,

on average,producing a TIC value that is three orders of magnitude less than the RFMANN

model. While this may seem a significant difference, the fact that the TIC values for both

models are as small as they are suggests that any difference in the results obtained fon the

two models is likely to be negligible. Regardless its apparent from these results that when

the tail centre deflection angle is in the range -40%\A K°\the reduced fidelity models are
EEXEEO]l wOi wxUOYPEDPOT wEOWEEEUUEUI wui xUl Ul OUEU

While the results presented above demonstrate the validity of the reduced fidelity models
when wvyis between £40°, it will only be once the results produced from the turning circle
manoeuvres are obtained, that it will be possible to determine the overall validity of the
model. Subsequently, shown below in Tables 36 & 3.7 are the TIC values obtained from
these manoeuvres. Specifically, Table 36 represents the coefficients obtained when the
outputs from original, high -fidelity model are compared with those from the RFMLUT
model while Table 3.7 represents the same reslts but for the comparison involving the
RFMANN model.

Table 3.6 - TIC values for turning circle manoeuvre with Look up Table Model .

1 Surge Sway Yaw X-Pos Y-Pos Heading Avg
50 1.36x10° 8.01x10G" 2.48x10° 1.62x10¢ 9.26x107 4.02x107 1.26x10°
60 1.58x10¢  7.74x10" 2.43x106° 1.96x10° 1.02x10¢ 4.26x107 1.37x1C¢
70 2.18x106  8.72x107 2.76x10¢ 1.74x106¢ 1.04x10° 5.84x106" 1.53x10¢
80 2.76x106  8.52x107 2.71x10¢ 2.76x106¢ 1.08x10° 5.89x10" 1.79x10¢
90 4.11x10¢  8.29x107 2.65x10° 4.92x10¢ 1.18x1C¢ 5.80x10" 2.38x10¢
-50 1.6x106  2.06x10¢ 1.39x10° 1.32x10¢ 2.16x107 9.22x10¢ 1.11x106¢
-60 1.82x10° 1.99x1C¢ 1.40x10° 1.53x10¢ 2.65x107 1.02x107 1.19x10¢
-70 2.13x106  1.95x10¢ 1.42x106° 1.75x10¢  3.2x107 1.08x16" 1.28x10¢
-80 2.59x10° 1.91x10¢ 1.43x16¢ 1.88x10¢ 3.67x10" 1.07x10" 1.38x10¢
-90 3.44x106 1.86x10¢ 1.42x10¢ 1.78x106°  4.0x107 9.84x108 1.5x106

Analysing the results presented aboveand below, it is noticeable that they are very similar

to those presented in Tables 3.5 & 3.6 This similarity is apparent when the orders of

magnitude of the coefficients are taken into consideration where the results demonstrate

that on average, they are of the order 10¢ and 103 for the RFMLUT and RFM ANN models
70



RoboSalmon BAUV

respectively. These values are identical to those presented in the previous section andonce
again demonstrate the similarity in the resul ts obtained from the reduced fidelity models
and the original, validated model. These results, when combined with those presented in
Tables 3.5 & 3.6, suggest that the reduced fidelity models are capable of producing an
accurate representation of the Robo&lmon vehicle throu ghout its entire operation range,
i.e.-90°01 090"

Table 3.7- TIC values for turning circle manoeuvre with ANN Model .

) Surge Sway Yaw X-Pos Y-Pos Heading Avg

50 2.3x103 2.4x103 3.7x163 3.1x103 1.6x103 6.7x104 2.3x103
60 2.8x103 2.5x103 4.0x103 4.1x103 1.9x103 7.5x104 2.7x103
70 4.0x103 2.8x103 4.5x103 4.1x103 2.3x103 1.2x103 3.2x103
80 5.1x103 2.8x103 4.4x103 7.0x103 3.0x103 1.3x103 3.9x103
90 7.6x103 2.8x103 5.2x103 1.3x102 4.9x103 1.0x103 5.7x103
-50 1.6x103 2.3x103 2.5x103 2.4x103 3.3x104 1.1x104 1.5x103
-60 1.8x103 2.2x103 2.4x103 2.7x103 2.43x106 4.3x105 1.6x103
-70 2.1x108 2.1x103 2.5x103 3.1x103 3.29x16 6.0x10°5 1.7x103
-80 2.5x103 2.1x103 2.4x103 3.1x103 5.3x104 1.5x104 1.8x103
-90 3.4x103 2.1x103 2.8x103 2.8x103 5.0x104 3.6x10° 1.9x103

However, it is crucial to note that as illustrated in Table 3.3, the values used for
throughout these validation tests increased in 10° intervals and as a result the validity of the
reduced fidelity models cannot be guaranteed by the results shown above in Table 34-7. In
order to demonstrate further the validity of the reduced fidelity m odels, a closed loop
manoeuvre needs to be undertaken. Incorporating a closed loop manoeuvre will not only
further assist in indicating the validity of the reduced fidelity models but also the ability of

the RoboSalmon vehicle to autonomoulsy navigate to a number of predefined waypoints.

3.6.2 Closed Loop Manoeuvre

As opposed to an open loop manoeuvre where the values used for, ®vwill be predefined, a

closed loop manoeuvre involves the vehiclezs Guidance Systeroalculating the values for »y
based on the vehiclescurrent position and its desired location . Incorporating such a closed
loop manoeuvre within the validation process ensures the reduced fidelity models are

validated with respect to a realistic scenario likely to be undertaken by the RoboSalmon
vehicle. However , before this final validation proces s is undertaken, the following section
will present the guidance control law used in the RoboSalmon vehicle to calculate the

appropriate value for uythat ensures the vehicle will manoeuvre in the desired direction.
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36211 OEO2EOOOO7z Uw&UPEEOET w' 1 UUPUUDE
Shown below in Figure 3.20 is a representation of the Guidance Systerimcorporated within

the RoboSalmon vehicle that allows it to autonomously navigate to any desired location.

(Xa:¥a) Yp dp Mathematical v >

Autopilot ControlSyst
utopilo —p ControlSystem |——» Model

>

T(X\/5y\’) + “V (X\'7YV)

Figure 320-11 x Ul Ul OUEUDPOOwWOI w1 OEOG2EO0O0OOz 0wl UDI
Here xa and ya represent the coordinates of the waypoint the vehicle is required to
manoeuvre towardsO w is the associated desired heading angle of the vehicle which
ensures the vehicle continues to manoeuvre towards that required waypoint , ur is the
required control surface deflection angle and xv, yv E O Erepresent the current position and

orientation of the vehicle in the Earth-fixed reference frame.

As the diagram demonstrates, for the work completed in this thesis, these parameters (xv,
yv E O E)are obtained from the vehicles mathematical model. In reality though, they would

be calculated using the vehides navigation system. Regardless of how they are calcuhted,
Figure 3.20 demonstrates that the Autopilot subsequently uses them in conjunction with the
the vehicle manoeuvres in the correct direction. This process is shown diagrammatically

below in Figure 3.21.

.(YLISXJ)
/
/
/7
/

Ye

(y»‘!xv)

Figure 3.21- Geometry of waypoint guidance methodology.

As discussed in (Mazlan 2015), to calculate this desired heading angle, ¥o Equation (3.25)

is incorporated within Autopilot section of the vehiclesGuidance Systems.
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W

OOk TR (3.2

Equation (3.25) represents astandard Line-of-Sight calculation (Healey & Lienard 1993;

Healey, Marco 1992) Normally, the value for [ would be calculated by simply evaluating

the inverse tangent of Equation (3.25). In this work though , the built-in Matlab function,

atan2 is used instead(Mathworks 2 006a) The reason for adopting this particular function

is to ensure that the particular quadrant occupied by the desired waypoint can be correctly
identified. As a result, the evaluated desir ed heading angle lies in the region, tyw U O w Hw wi |

shown below in Figure 3.22.

Ye

Y

Figure 3.22- Diagrammatic representation of the four -quadrant inverse tangent function.

While using the atan2function allows the correct quadrant to be identified, problems arise
when two consecutives values for[ are evaluated at opposite sides of the discontinuity,
i.e. 176.2° and then-179.6°.

If left unaltered, this discontinuity will result in the GuidanceSysteminstru cting the vehicle
to turn 355.8° counter-clockwise, when intuitively, the vehicle should only have to turn 4.2°

clockwise. To overcome this problem, a mapping | ® A 0 HHOhas to be
constructed (Adkins & Yan 2006; Rafferty 2014) This mapping is achieved using the

following equations:

[ [ i "Qf ¢" WS (3.2%)

Where

o [ [ (3.21)
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Applying the values of 176.2° and -179.6° to the above equations results in a desired heading
angle of 180.4°. As desired, this value will result in the vehicle manoeuvring through the
much smaller angle of 4.2°. In order to ensure every vehicle always manoeuvres through
the smallest possible angle, Equations(3.26) & (3.27) are evaluated each time the Autopilot

evaluates a new desired heading angle

Importantly, as discussed in Chapter 2, the desired waypoints used in Equation (3.25) are
predefined and will vary depending on the mission requirements. Furthermore, a
proximity calculation is used to de termine when the vehicle alters the values used for these
waypoints. This proximity calculation evaluates the distance between the vehicle and the
chosen waypoint and when its value is below a certain threshold, the Autopilot will
automatically select the next waypoint in the predefined list. When this occurs, Equations
(3.26)(3.28) will evaluate an appropriate desired heading anglefi  that will ensure the
vehicle manoeuvres towards this newly selected waypoint. This process will then continue

until the vehicle has manoeuvred within range of the final waypoint.

3.6.2.2Control System

In the previous section, the functionality used in the Y1 T D RA@dpipotkeuevaluate its
desired heading angle,[ was presented. The purpose of this section is to now describe
the functionality contained within the Control System.As shown in Figure 3.20, this
subsystem takes into consideration the aforementioned desired heading angle of the
vehicle,[ its current heading angle, ¥ and produces the required tail deflection angle, ur

that will ensure the vehicle manoeuvres in the correct direction.

To achieve this, a standard PI controller identical to that shown below in Equation (3.28) is

used.
T 0ol 0 Qo (3.29)

Here, 0 and U are the proportional and integral gains equal to 3.4x162 and 2x105
respectively and o is difference between the desired heading angleand the current
heading angle, ¥ of the vehicle. It is important to note that the PI controller and associated
gains presented in Equation (3.28) are identical to the controller used within the

RoboSalmon vehicle.

3.6.2.3Description of Closed Loop Manoeu vre

In the previous two sections, the functionality contained within the Autopilot & Control

subsystems of the RoboSalmon vehicle that allow it to autonomously navigate to a number
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of predefined waypoints was presented. The purpose of this section is to now describe the
particular closed loop manoeuvre used as the final validation test for the RFMLUT and
RFMANN models. As Figure 3.23 illustrates, the closed loop manoeuvre undertaken will

involve the vehicle manoeuvring to four different waypoints sequential ly.

T I I T
Proximity Threshold ‘ H

_________________________________________________________________

................................................

05 05 1

0
y (m)
Figure 3.23 - Diagrammatic representation of waypoints used in closed loop validation
test.

Figure 3.23 also illustrates the aforementioned proximity threshold which, as discussed
previously, once the vehicle is within, will instruct the Autopilotto select the nextwaypoint
in the predefined list. Furthermore, the particular sequence of waypoints shown in Figure
3.23 was chosen as not only will it further test the validity of the models but it will also
demonstrate whether or not the mapping presented in Equations (3.26) and (3.27) operates

as envisioned.

3.6.2.4Results ¥ Closed Loop Manoeuvre

Presentedin this section is the comparison between the results obtained from the reduced
fidelity models and the orig inal validated model for the closed loop manoeuvre presented
in Figure 3.23. To begin, as with the results presented for the open loop manoeuvres, shown
below in Table 3.8 is the TIC values obtained when the results from the RFMLUT and

RFMLUT models were compared with those fro m the original validated model.

Table 3.8 - TIC Values for reduced fidelity models for figure of eight manoeuvre.

Model Surge Sway Yaw X-Pos Y-Pos Heading Avg
LUT 0.0035 0.0047 0.0063 0.0025 0.0011 1.53x1¢* 0.0030
ANN 0.0078 0.0118 0.0160 0.0092 0.0095 0.0013 0.0093
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The results presented in Table 38 demonstrate that while the difference between the
reduced fidelity models and the original model are still small, the values obtained are

significantly greater than those obtained from the two open loop manoeuvres. The reason
for this discrepancy is due to a number of factors. The first of which is due to the fact that
during the open loop manoeuvres, the values used for ®r where increasedin 10°intervals.
Importantly, as shown in Tables 3.4, these intervals included data that had been used
throughout the training process of the RFMANN model and as a result, the error produced

should be small. Similarly, because the ur values tested throughout the open-loop
manouvres where ineger values, the corressponding motion of the caudal fin as conatained

within the look up tables would be identical to that produced from the original model.

Conversely, during the closed loop manouvres, ur is no longer guaranteed to be an integer
value or increasing in the same 10° intervals. As a result, at this point, the RFMANN is
predicting the motion of the caudal fin having never processed data for this particular
scenario before and as a result, the accuracy othe model is dependant on the generality of
the network created. Similarily, with the RFMLUT model only containing the motion of the
caudal fin for integer values of ur, there is bound to be a loss in accuracy when the

RFMALUT has to interpolate between the inte ger values contained in the table.

Nevertheless, with an average coefficient value of 0.0093 and 0.0030 for the RFMANN and
RFMLUT models respectively, the redu ced fidelity models can still be classified as providing

an accurate representation of the RoboE O 0007z UWEAOEOPEUS w31 PUwH U w
Figure 3.24 where the evolution of the various states as obtained from the three models are

presented.

Visually, the results presentedbelow appear almost identical with the difference s between
the three models difficult to ascertain. Figure 3.24(d) also demonstrates that the mapping
presented in Equations (3.26) and (3.27) has operated as required and ensures theehicle
manoeuvres through the smallest possible angle when moving between the different

waypoin ts.

Therefore, the results presented below in Figure 3.24 combined with those presented
previously in Table 3.4-3.8 demonstrate the ability and validity of the two reduced fidelity

models to accurately model the dynamics of the RoboSalmon vehicle.
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Figure 3.24- Comparison of results obtained from RFMLUT model, RFMNN model for (a)
Surge Vehicle, (b) Sway Velocity, (c) Yaw Rate, (d) Trajectory & (e) Heading Angle for
figure -of-eight manoeuvre.

However, as well as demonstrating the validity of these models, it is also necessary to

demonstrate that as required, the two reduced fidelity models drastically reduce the
77



RoboSalmon BAUV

simulation execution time of the model. To demonstrate whether or not this is the case,
shown below in Figure 3.25, is the relationship between the number of vehicles simulated

and the corresponding simulation ex ecution time of the models.
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Figure 3.25- Relationship between the number of vehicles simulated and execution time
for the various models.

Figure 3.25 clearly illustrates that as a result ofincorporating the RFMANN and RFMLUT
models, the simulation execution time of the original validated mathematical model has
been reduced significantly. In the case of the RFMLUT model, the execution time has
reduced by approximately 90% when twelve vehicles are modelled and for the RFMANN

model, this value is slightly smaller at approximately 85%.

Therefore, combining these results with those of Tables 3.59 and Figure 3.28, it is apparent
that the RFMANN and RFMLUT models not only maintain the accuracy of t he original

model but do so while drastically reducing the simulation execution time of the model.

In terms of selecting which one of these models is to be used for the remainder of the work
completed in this thesis, the results presented above demonstrate that not only does
RFMLUT OOET OwxUOYPE]I wWEwWOOUI wEEEUUEUI wUI xUI Ul OUE
it does so in a more time efficient manner. As a result, it is for these reasons that the
RFMLUT model will be used to simulate the dynamics of the RoboSalmon vehicle for the

remainder of the work completed in this thesis.

However, it is important to note that the validation tests presented above have been
OEUEDOI EwbIl 1 Ow Ul TaiuBéa® Antpruden@dg8ty td) (05m. The Tail-Beat
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Amplitude represents the maximum lateral displacement of the vehicles caudal fin during a
single undulation and can be used to alter the vehicles velocity. As the subsequent work
completed in this thesis will involve the vehicle having to alter its velocity, it is nece ssary
to also validate the model for different Tail-Beat AmplitudesTo achieve this, shown below
in Table 39 are the TIC values obtained when the results obtained from the RFMLUT model
were compared with those from the original model for the closed loop-manoeuvre
presented in Figure 3.24 for two different Tail-Beat Amplitude, i.e. 0.1m and 0.15m

Table 3.9t TIC values for reduced fidelity models for figure of eight manoeuvre with
different tail beat amplitudes.

Tail Beat .
Amplitude Surge Sway Yaw X-Pos Y-Pos Heading Avg
0.1m 0.0071 0.064 0.040 0.0060 0.0180 0.0076 0.0024

0.15m 0.0020 0.085 0.046 0.0026 0.0112 0.0134 0.0184

As with the results presented in Table 3.8, the results presented above in Table 39
demonstrate that the RFMLUT model created is capable of accurately modelling the
dynamics of the RoboSalmon vehicle when its Tail-Beat Amplitudeis altered. Combining
these results with those presented in Figure 3.25, 1 is apparent that the RFMLUT provides
a valid model that can be used to design, develop and test the formation control algorithm

in a time efficient manner.

3.7 Summary

To begin, this chapter, in Section 3.2 described the RoboSalmon vehicle and how the fully
actuated Tail Sectiorwas designed to allow the vehicle to replicate the swimming gait of the

North Atlantic salmon. Section 3.2 also described that due to the limited number of actuated

joints as well as the physical limitations of the DC motors used, the Tail Sectionof the
RoboSalmon vehicle is unable match the swmming performance of real North Atlantic

salmon.

Thereafter, Section 3.3 provided a detailed description of the functionality contained within
the original validated mathematical model of the RoboSalmon vehicle. Section 3.4
meanwhile illustrated that in its original guise, the mathematical model of RoboSalmon is
ill -suited to be used to model multiple vehicles simultaneously due to its poor simulation
execution time. The results presented in this section also demonstrated that this poor
simulation executi on time was caused primarily by the functionality contained within the

Tail Actuator Dynamics & Kinematicsection of model.
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Section 3.5 described in detail the System Identification techniquesimplemented to replace
this computationally expensive functio nality with a combination of simpler mathematical

basis functions and indexing operations.

In Section 3.6, a number of open and closed loop manoeuvres were completed to
demonstrate that the two reduced fidelity models ( RFMANN and RFMLUT) detailed in
Section 3.5 were capable of accurately modelling the dynamics of the RoboSalmon vehicle.
This was achieved by comparing the results obtained from the newly created reduced
fidelity models with those o btained from the original validated model. The results
demonstrate that although the two reduced fidelity models were capable of modelling the

dynamics of the RoboSalmon vehicle accurately, theRFMLUT was more accurate.

Furthermore, Sections 3.6.2.12 described in detail the functionality contained within the
Autopilot and Control subsystems that when combined, form the Guidance Systenof the
RoboSalmon vehicle and as such, allow the vehicle to autonomously navigate to a number
of predefined waypoints. Thereafter, Section 3.6.2.4 illustrated the ability of the reduced
fidelity models to accurately model the dynamics of the RoboSalmon vehicle during a
realistic closed loop manoeuvre. Section 3.6.2.4 also demonstrated the significant
improvements in the simulation execution time obtained from the RFMANN and RFMLUT
models when compared with the original validated model. As with the results ¢ omparing
the accuracy of the two models, these results once again demonstrate that the RFMLUT
model was slightly more time efficient than the RFMANN model. Based on these results, it
was decided that for remainder of the work completed in this thesis, the RFMLUT would be
used to model the RoboSalmon vehicle.
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Chapter 4

Biomimetic Formation Control
Algorithm

4.1 Introduction

As stated previously, the main aim of th is thesis is to develop a formation control algorithm
capable of succeshully coordinating a group of BAUVs to complete the oceanic surveying
missions outlined in Chapter 1 regardless of the nuances of the underwater environment.
In the previous chapter, the mathematical model used in this work was presented and its
validity p roven. The focus of this chapter will now be the presentation of the formation
control algorithm based on the behavioural mechanisms of fish partaking in schooling
behavioural. Its im plementation and the subsequent determination of its suitability to allo w
a group of BAUVs to complete the required oceanic surveying missions will be the main

focus of this chapter.

To achieve this, the chapter is structured as follows. Section4.2 provides a brief summary
of the behavioural mechanisms used by fish when schooling and what requirements these
place on the proposed algorithm. Section 4.3 describes the transformation of these
behavioural mechanisms into a suitable formation control algorithm that can be
implemented within the Guidance $stemof the RoboSalmon vehicle. Section 4.4 describes
the simulation set up as well as the performance metrics and convergence criteria used to
analyse the algorithms suitability to coordinate the vehicles as required. Section 4.5 analyses
the results obtained from the various simulations completed and Section 4.6 presents a

summary of the work completed in this chapter.
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4.2 Behavioural Mechanisms of Schooling Behaviour

As discussed in detail in (Aoki, 1982; Huth & Wissel, 1991), in order for aquatic animals to
take part in schooling behaviour they must exhibit three behaviours: repulsion, oriatation &
attraction. Furthermore, Aoki (Aoki, 1981) demonstrated that in order for these behaviours
to produ ce a stable schoolingmechanism, their implementation must be triggered by the
proximity of each fish to its nearest neighbour(s). Therefore, as shown below in Figure 4.1,
these behavioural mechanisms can be described by assigning circular area of influe nce to
each member ofthe group, within which, three concentric circles (behavioural zones) are
contained. Depending on which of these three zonesis occupied, each member of the school

will manoeuvre in either a repulsive orientatingor attractivemanner.

Figure 4.1 - Behavioural zonesused to explain schooling behaviour.

As the diagram demonstrates, if a member of the school is exhibiting the repulsive
behaviour, it will manoeuvre away from it nearest nei ghbour(s). Conversely, if an
individual is using the attractive behaviour, it will move towards its nearest neighbour(s).

Finally, individuals using the orientatingbehaviour will not only align their he ading angle

with that of their nearest neighbour(s) b ut also their velocity vector.

Inspecting Figure 4.1, it becomes apparent that in order for each member of the school to
select the correct behaviour they must firstly be capable of determining the distance
between themselves and their nearest neighbour(s) Thereafter, when using the orientating
behaviour, the individuals must also be capable of determining the orientation and velocity
of their nearest neighbour(s). In nature, these functions are completed through sensing
organs such as vision and the lateral line (Partridge et al. 1980)
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However, as discussed in Chapter 2, the only feasble way for each vehicle to have access
to this data is through the transfer of data across the underwater communication channel.
As well as ensuring every vehicle has access to the relevant data, Figure4.1 also
demonstrates that a number of additional ta sks will need to be completed by the formation
control algorithm before it is able to mimic the behavioural mechanisms of fish partaking

in schooling behaviour. As shown below in Table 4.1, these tasks,when combined, form
the algorithrmz UwWE T | D O bilgd@edt® wOi wUl @

Table 4.1+ Definition of requirements for biomimetic formation control algorithm.

Requirement Topic Description

A suitable method to allow each vehicle to have
access to upto-date information on the position,
orientation and velocity of neighbouring

vehicles.

1 - Communication

Implementation of a suitable equation that
calculates the absolute distance between
neighbouring vehicles.

2 - Evaluation of Nearest Neighbour
Distance

Incorporation of a suitable decision making
process that allows each vehicle to select the
correct behaviour based on its proximity to its
nearest neighbour.

3¢ Select Corred¢ Behaviour

Implementation of a behavioural control law that

4 - Implementation of Repulsive ensures each vehicle manoeuvres in a repulsive

Behaviour manner and hence looks to increasehe distance
between itself and its nearest neighbour.

Implementation of a suit able control law that
ensures each vehicleseeks toalign its heading
angle with that of its nearest neighbour(s).

5 - Implementation of Orientating
Behaviour

Implementation of a suitable control law that

6 - Implementation of Attractive .
ensures each vehicle seeks to manoeuvre

Behaviour . .
towards it s nearest neighbours.
Implementation of a suitable velocity control law
7 - Implementation of Velocity that depending on the behavioural control law
Control being used, results in the vehicle either reducing,

increasing or maintaining its velocity.

If the algorithm satisfies each of the requirements presented above, then the formation
control algorithm will allow the BAUVs to mimic the behavioural mechanisms of fish when
schooling. The following section will now describe in detail the functionality i mplemented
within the Autopilot subsystem of the RoboSalmon vehicle in order to ensure that these

requirements can be satisfied.
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4.3 Biomimetic Formation Control Algorithm: Guidance
Heuristic

Shown below in Figure 4.2 is the structure of the Guidance Systerused within the

RoboSalmon vehicle.

(XnnsYnnoWnn) 5 : >
—>»|  Autopilot RLIY ControlSystem |——3» Mail/le;;z:lcal v
>

T(wav) $ ' (Xe.¥v)

Figure 4.2 - Guidance system architecture.

The only difference between the diagram presented above in Figure 4.2 and that shown
previously in Chapter 3 i s that now, the inputs to the Autopilot subsystem are no longerthe
coordinates of the vehicles desired waypoints, i.e. xa and yq but instead, the position and

orientation of the v ehicles nearest neighbours,xw, ynv E O Exux

At this point, it is important to note that for work completed in this chapter, it is assumed

that every vehicle has a continuously accurate representation of the positioning and
orientation of every vehicle in the group, i.e. it is assumed that communicat ion among the
vehicles is instantaneous. The reason for implementing this assumption is to ensure that
the formation control algorithm described and presented in this chapter initially operates
as envisioned. Once this has been established, a realistic reqgsentation of the underwater
communication channel will be incorporated in the subsequent ch apters and its effect on

the algorithm analysed.

Based on the structure of the GuidanceSystemshown above, it is apparent that in order to
successfully implement the behavioural mechanisms of fish as a suitable formation control
algorithm, the Autopilot subsystem has to use the data available to it, i.e Xv,yv, Xnn, ynv and
twUOQuwxUOEUET wEwWEIT Ub U thd will maBded®r® theuvelicie @nl either &
repusive, orientatingor attractivemanner. The functionality implemented to achieve this will

be referred to as theattractive repulsiveand orientatingcontrol laws and are described in the

following three sections.

4.3.1 Attractive Behaviour Control Law

Fish implementing the attractivebehaviour manoeuvre towards their nearest neighbour(s)

in order to reduce the absolutalistance between themselves and their nearestineighbour(s).
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As shown below in Equations (4.1) and (4.2), the control law implemented to achieve this
attractive behaviour evaluates a waypoint which is equal to the average position of the

vehicles nearest neighbour(s).

@ % @ 4.9
% % % 4.2)

Where, as discussed above, s and yw represent the position of the vehicles nearest
neighbour(s) and 'O is the number of neighbours taken into consideration within the
control law. As shown below in Equation (4.3), the desired heading angle of the vehicle is
then calculated using the same standard Line-of-Sight calculation presented previously in
Section 3.6.2.1 of Chapter 3.

u U

OA( o 4.3

Equations (4.1 - (4.3) illustrate that the attractive behavioural control law operates by
implementing a standard Line -of-Sight calculation whereby the vehicles desired location is
calculated to be the average positon of its nearest neighbour(s). By calculating the vehicles
desired location in this way, it e nsures that regardless of the number if nearest neighbours
taking into consideration, the vehicle is guaranteed to manoeuvre towards its nearest

neighbours.

4.3.2 Repulsive Behaviour Control Law

The purpose of the repulsivebehavioural control law is to ensure that neighbouring vehicles
manoeuvre away from one another and as a result, the associatedabsolutedistance between

them increases. To achieve this, the following conditional control law is proposed.

00 e -
— — hQ®O 00
w00 00
] v — hQ®O 00 (4.4)
v DU VU (
w 1 Q0 00

Here, NNLand NNr represent the number of nearest neighbours positioned to the left and

right -hand side of the vehicle.
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When using the repulsivebehavioural control law, Equation (4.4) demonstrates that the
vehicles are guided in the direction containing the least number of neighbouring vehicles.
The inclusion of the ratios shown in Equation (4.4) will result in each vehicle manoeuvring

with a heading angle based on its position relative to its nearest neighbours. This ensures
that neighbouring v ehicles will always manoeuvre away from one another when

implementing the repulsivebehavioural control law.

With the inclusion of the parameters, NNLand NNr in Equation (4.4), it is evident that each
vehicle needs to be able to establish how many of itsnearest neighbours are postioned to
its right or left hand side. As shown below in Figure 4.3, this can be achieved by using the

Line-of-Sight technique introduced earlier in Equation (4.3).

.(XNMY N
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/
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/
/
y
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Figure 4.3 - Diagram demonstrating the effect that the vehiclesheading angle has on
determining the relative positioning of nearestneighbours.

Analysing Figure 4.3, it becomes apparent though that if only Equation (4.3) is used, the
EOT Ol wx U G&rFsuré&4symill re sultin the neighbouring vehicle being categorised
EUWEI DOT wxOUDUDPOOI EwlOwWUIT U wd IOl Howeyet) as Bigurel U w
is actually positioned to its left. Therefore, in order to correctly identify the relative position
Of wi EET wYI T PEOI z thed@bdwing équatibm iab B belinfplérikote.

[ [ [ (4.5)
As shown below in FBT UUT wK8 KOWOOET w$ BUEUD OO wpK &koknul EU
be used to accurately determine how many of the vehicles nearest neighbour(s) are

positioned to its right or left -hand side. This is achieved by using the conditional statements

shown below.
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66 00 p HQQ p YT ™ (4.6)

60 00 p RQQTM T p UM (4.7)

.(XNMYN_\J)

(Xy,Yv

Figure 4.4 - Axis rotation required to determine relative positioning of nearest
neighbour(s) (Exaggerated for clarity purposes).

4.3.3 Orientating Behaviour Control Law

The purpose of the orientating behavioural control law is to ensure that once within the
orientation zone, each vehicle should seek to manoeuvre with the same heading angle as

that of its nearest neighbour(s). To achieve this, the following control law is proposed.

[ == T (4.9

Equation (4.8) demonstrates that when implementing the orientating behavioural control
law, the desired heading angle of each vehicle iscalculated to be the average heading angle

of its nearest neighbour(s).

4.3.4 Velocity Control Law

As well as implementing the various heading control laws presented above, it is also
necessary to incorporate an appropriate velocity control law. The purpose of the velocity
control law will be to ensure that each vehicle converges to using the orientating behavioural
control law as quickly as possible. To achieve this, the velocity control law implemented
not only has to take into consideration the absolutedistance between neighbouring vehicles

but also their relative positioning as shown below in Figure 4.5.
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/ IYNNay,\'N)

Figure 4.5 - Diagram representing the discretisation of the area surrounding each vehicle
into three sections: Front (Green), Behind (Blue) & Beside (Red).

position of each vehicles nearest neighbour can be discretised into three sectionsfront,
behindand besideAs shown below in Table 4.2, by combining the above categorisation with
the absolutaistances between neighbouring vehicles, i.e. dws, a suitable velocity control law

can be created.

Table 4.2- Velocity Control Law implemented within formation control algorithm.

Nearest Neighbour

. dabs> zoaQu dans< ZzOO zor ¢ dans¢ zoa
Position
In Front 0.15 0.05 0.1
Behind 0.05 0.15 0.1
Beside 0.1 0.1 0.1

The table presented above demonstrates thatdepending on the relative positioning of
neighbouring vehicles, ¥rw and the associatedabsolutedistance between the two vehicles,

dabs, the velocity control law will instruct the vehicle to either slow -down, speed-up or

remain at the nominal velocity. FoU wl REOx Ol Owbi wUT 1T wEUU @xt®@OU wE
such that it defines a vehicles nearest neighbour to be ahead of it and theabsolutedistance
between the vehicles, dass to be greater than the upper limits of the orientation zone (zoou

in Table 4.2), the autopilot will change the tail beat amplitude of the v ehicle to 0.15m (15cm).

This will result in the vehicle accelerating in the direction of its nearest neighbour and thus,

reducing the absolutadistance between the two vehicles as required. Smilarly, if the same
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the vehicle to slow-down.

4.3.5 Algorithm Structure

While the previous four sections presented the heading and velocity control laws
implemented w ithin the formation control algorithm, the purpose of this secti on is to
illustrate the order in which the algorithm completes the various tasked summarised in

Table 4.1. To achieve this, shown below in Figure 4.6 is the structure of the formation control
algorithm detailing the stages at which certain parameters are evaluated at and the relevant

decision making processes undertaken.

Ay Yraw Determine Select Appropriate
| Behavioural Zone Control Law & Evaluatef
Occupied Heading Angle, v,
XN Calculate Nearest Calculate Relative Yn.Ap
¥ > Neighbour Distance, Positioning of Nearest
W dNN Neighbours, g,
Ay Ving | Evaluate Correct Tail Ay

Beat Amplitude

Figure 4.6 - Algorithm Structure.

The diagram demonstrates that the first two tasks completed by the algorithm is the
evaluation of the absolutedistance between each vehicle and its nearest neighbou(s), dabs,
as well as the associated relative positioning, . Thereafter, the algorithm uses these
values to not only determine which of the three behavioural control laws to implement but
also which Tail-BeatAmplitude, Ao to select in order to alter the vehicles velocity. Lastly, the
algorithm implem ents the appropriate control law and calculates the desired heading angle

of the vehicle, |

The evaluation of the absolutenearest neighbour distance shown in Figure 4.6 is completed
using the standard equation for the distance between two points i n two dimensiona | space

as shown below:

Q ) ® © (4.9)

The selection of which control law to implement is achieved using conditional statements
similar to those shown above in Equations (4.6) and (4.7). This time though, these
statements determine whether the value calculated for dass is above, below or within the

orientation zone. It is also important to note that if multiple behavioural zones are
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simultaneously occupied by various neighbouring vehicle s, priority is given to the zone

closest tothe vehicle.

Finally, the calculations and processes presented above in Section 4.3:5 are all evaluated
within the Autopilot subsystem of the BAUV and as such, they are evaluated at the same

rate as the vehicleg Quidance Systepi.e. at 4 Hz.

4.4 Simulatio n Setup and Performance Metrics

The heading and velocity control laws presented above have been designed specifically to
allow a group of BAUVs to mimic the behavioural mechanisms of fish within school
structures. In doing so, it is anticipated that the fo rmation control algorithm will be able to
coordinate the vehicles into a stable group structure that will also allow the vehicles to
complete the oceanic surveying missions outlined in Figure 1.3. To demonstrate whether or
not this is indeed the case, thealgorithm has to be thoroughly tested and the effect of
varying key algorithmic parameters analysed. The following section will now describe the

simulation setup and algorithmic parameters varied to achieve this.

4.4.1 Simulation Setup

As discussed above, the purpose of the simulations completed in this study is to establish
whether or not the heading and velocity control laws presented in Section 4.3 operate as
envisioned. Furthermore, the effect of varying certain al gorithmic parameters on the
algorithms abili ty to coordinate the group as required also has to be established. To achieve

this, two groups of simulations were undertaken. The first group was designed specifically

to test the repulsivecontrol law while th e second group was designed to testattractivecontrol

law. Due to the design of the algorithm, the orientating and velocity control laws will
inherently be tested throughout both groups of simulations. To create these two groups of
simulations, the vehicll z UwD OPUDE Owx OUD U b (ydenstwé that autteistéri) | O w
of the simulation, the majority of vehicles would have to incorporate either the repulsiveor

attractivel behavioural control laws.

As well as ensuring that the various control la ws were thoroughly tested, it was also
important to understand what effect varying the algorithmic parameter, O has on the
algorithms ability to form a stable group structure. As a result, for the two groups discussed

above, this parameter has been varied from one through to N-1, where N represents the
number of vehicles within the group . By doing this, all possible values with regard to this

algorithmic parameter can be investigated. Subsequently, shown below in Table 4.3 is a
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summary of the algorithmic parameters used throughout the course of the simulations

completed within this study.

Table 4.3- Simulation Parameters.

Parameter Group_ 1 Group 2
(Repulsive)
Behavioural Zones Size (20,25200] [6,11.200]
(m)
Nearest Neighbours 1,2,4,68,11 1,2,4,6,8.11
Utilised (I nn)

In order to thoroughly test t he control laws created, for each combination of parameters
presented in Table 4.3, 100 simulations were completed that varied the initial starting
position of each vehicle. While each vehicle had different starting positions t hroughout the
100 simulations, the values chosen ensured that the vehicles would still initially implement

either the repulsiveor attractive control laws. Therefore, overall, 1200 simulations where

completed throughout the course of this particular study.

As inferred by the values used for Inn, the size of the group simulated in this study is equal
to twelve. The reason for using this particular group size is due to two factors. Firstly,

twelve vehicles is approximately double the size of any other realistic investigation into
impleme nting a successful formation control algorithm in the underwater environment

(Das et al. 2016) Secondly, while Chapter 3 demonstrates that the reduced fidelity model is
significantly faster than the original high -fidelity model, its executio n time still increases
with t he number of vehicles simulated. A group of twelve vehicles was therefore deemed

to be a suitable compromise between these two factors.

4.4.2 Performance Metrics & Analysis Tools

In order to determine whether or not the algorithm has been successful, four performance
metrics have been used;the standard deviation of the vehicles heading angle as well as the

maximum, mean and minimum absolutenearest neighbour distances.

The reason for calculating the standard deviation is to demonstrate whether or not the
individual vehicles have all been able to converge towards manoeuvring with the same
heading angle. The maximum, mean and minimum absolutenearest neighbour distances
meanwhile are evaluated to demonstrate whether or not the distance betweeneach vehicle
and its nearest neighbour has converged to a value within the confines of the orientation

zone.
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While the evaluation of the four parameters discussed above is relatively simple, the
following sections describe how they have been calculated to represent the daa obtained
from the 100 simulations completed for each unique combination of the parameters

presented in Table 4.3.

4.4.2.1Evaluation of the Standard Deviation of Vehicle Head ing Angle

Shown below is the equation used to evaluate the evolution of the standard d eviation of

the vehicles heading angle for the simulations completed in this study (Mathworks 2006b).

B Ihi [ (4.10)
G p

Here N represents the number of vehicles within each simulation (i.e. twelve), [y is the
heading angle for vehicle i at time t in simulation jand [ ; is the average heading angle of

the group at time t in simulation j.

Once evaluated,  represents the standard deviation of the vehicles heading angle at time,
t in simulation, j. In order to provide a metric which represents the evolution of this

parameter acoss the 100 simulations compleed, the following equation is implemented.
P
- T v h (4.11)

Here, k represents the number of simulations completed (i.e. 100) and,, j is the standard
deviation of the vehicles heading angle at point t in simulation j calculated using Equation
(4.10. As aresult,, Ul xUI Ul OOUwUT T wEYI UET 1T wUUEOEEUEWEI

angle at time t, as calculated across the 100 simulations completed for each value ofww.

In order for the formation control algorithm to be deemed to have generated a stable group
structure, the converged value for this parameter should not exceed 1°. This criteria was
selected as it represents the typical accuracy of a standard compass used in underwate
vehicles (Paull et al. 2014)

4.4.2.2Evaluation of Maximum, Mean & Minimum Nearest Neighbour Distance

As shown below in Equation (4.12), to calculate the distance between each vehicle and its
nearest neighbour, the gandard equation for measuring the distance between two points

in 2-dimensional space is used.
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Orp O (4.12)

Qnp W .

¢
¢
84

Here wpi and wpp represent the x and y position of each vehicle, i at time t in simulation j.
Meanwhile, & . and &  represent the position of vehicOl wbz UwOl EUI U0 wOI £
t in simulation j. As a result, Qpp represents the distance between each vehicle i and its

nearest neighbour at time t in simulation j.

Therefore, Qi can now be thought of as a multi -dimensional array that re presents the

distance between each vehicle and its nearest neighbour every 0.1s throughout the 100
simulations completed for each value of Inn. In order to evaluate the averageabsolutaearest

neighbour distance across the 100 simulations completed, the dllowing equation is used.

9 p
V]

Qi (4.13)

-'o'll i)

Once again, N represents the number of vehicles within each simulation and k is the

number of simulations completed (i.e. 100).

(UzUwExxEUI OU0wi UOOw$ @UE U b £ Ariglhéud distarkeutor withiou O 1 1 w
each simulation is evaluated first. This produces a two dimensional array where each
column represents the evolution of the average nearest neighbour distance asobtained
from simulation j. Afterwards, this value is then a veraged across the 100 simulations
completed to produce the mean nearest neighbour distance everyt seconds throughout all

the simulations completed.

The maximum and minimum distances are evalu ated in an identical way to Equation (4.13)
except instead d evaluating the mean value each time, the maximum and minimum values
are calculated instead. As expected, the convergence criteria associated with the evaluation
of the minimum, mean and maximum absolutenearest neighbour distances is that they all

converge to a value that is within the confines of the orientation zone.

Combined with the evaluation of the average standard deviation described above in
Equation (4.10), the data obtained using the methods described in Equation (4.10)¢ (4.13)
will provide a definitive and concise method by which to analyse whether or not the

formation control algorithm operates as designed.
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4.5 Results

There are three main objectives related to the work completed in this chapter. The firstis to
determine whether or not the fo rmation control algorithm presented in Section 4.3 operates
as envisioned and is capable of coordinating the vehicles into a stable group structure. In
this work, a stable group structure is defin ed as one in which the standard deviation of each
groups heading angle is less than or equal to 1° and the value obtained for dabs for each
vehicle converges to within the confines of the orientation zone. The second objective is to
ascertain what effect varying the algorithmic parameter, Inn has the algorithms ability to

generate this stable group structure. The final objective is to assess the ability of the
algorithm to generate the parallel line formation required for the oceanic surveying

missions asoutlined in Chapter 1.

To demonstrate whether or not these objectives have been achieved, the results presented
below are separated into three sections. The first section analyses the results obtained from
the simulations where every vehicle is initially u sing the repulsivecontrol law. The second
section then presents and analyses the results obtained from the simulations where every
vehicle is initially using the attractive control law. Finally, the last section demonstrates
whether or not the algorithm has coordinated the vehicles into the required parallel line

formation.

4.5.1 Analysis of Repulsive & Orientating Control Laws

As discussed above, the first objective of this work is to demonstrate whether or not the
formation control algorithm has been successful in generating a stable group structure. To
achieve this, shown below in Figure 4.7 is the evolution of the minimum, mean and
maximum values obtained for the parameter, d abs as Inn is increased. As discussed above,
because the minimum, mean and maximum values have been calculated, the results
presented below represent the entire envelope of results obtained fom the 100 simulations

completed for each value of Inn.

On initial inspection, the results presented below demonstrate that regardless of the value
used for Inn, the evolution of the mean value for d avs is asexpected, with the value initially
increasing before converging to a value that is within the confines of the orientation zone.
Furthermore, the results also illustrate that the converged value for this parameter is always

positioned closeto the lower boundary of the orientation zone.
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Figure 4.7- Evolution of the minimum, mean and maximum dabs values as hn is increased.
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Once again, this result is to be expected and is due to the fact that because the majority of
the vehicles were initially implementing the repulsivecontrol law, their d assvalue when
switching to the orientating control law will be by default, at th e lower boundary of the

orientation zone.

Nevertheless, as with the results presented with the mean value for dass, these results also
illustrate that the minimum d abs value increases and then converges to value that is within
the confines of the orientation zone. It is important to note that the evolutions of the
minimum and mean values discussed above all initially start from a value that is within the
confines of the repulsion zone and then gradually increase to converge to a value within
the orientating zone. Therefore, these results (minimum and mean das Values) all suggest
that the repulsiveand orientating control laws operate as required regardless of the value

used for Inn.

Importantly though, the results presented in Figures 4.7 (e) and (f) demonstrate that the
evolution of the overall maximum d as value has been unable to ensure every vehicle
converges to a value that is within the confines of the orientation zone. Instead, the results
clearly illustrate that a certain number of vehicles hav e diverged to a dass value that is within
the confines of the attraction zone. Moreover, the result also demonstrate that these vehicles

are subsequently unable to converge back within the confines of the orientation zone.

These results suggest that theattr activecontrol law presented in Section 4.3.1 is unable to
manoeuvre every vehicle as required when In is equal to either eight or eleven. Due to the
fact that this non-convergence is associated with the implementation of the attractivecontrol

law, theseresults will be discussed in more detail in Section 4.5.2 along with the results
obtained from the second group of simulations discussed in Table 4.3. For the remainder of
this section, the results will focus solely on the results obtained from simulat ions where

only the repulsiveand orientatingcontrol laws were implemented.

Consequently, while the results presented in Figure 4.7 suggest that the repulsive and
orientatingcontrol laws are able to operate as required regardless of the value used for dn,

U1 Ul wUl UUOOUWEOOzZUWUEOI wbOUOWEOOUPET UEUDOOL
vehicles heading.

Subsequently, shown below in Figure 4.8 is the evolution of the standard deviation of th e
vehicles heading angle as the value used for kv is increased. While the results presented

below are initially as expected with the value increasing as the vehiclesimplement the

repulsivecontrol law, the results clearly demonstrate that the standard deviation value
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when Inn is equal to one or two.
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Figure 4.8 - - Evolution of b as I is increased.

These results contradict those presented in Figure 4.7 (a) andb) where the results clearly
illustrate that when | n is equal to one or two, the minimum, mean and maximum d abs
values all converge to a value within the orientation zone. The only explanation that
satisfies these contradictory results is that while the repulsive control law operates as
expected andregardless of the value used for Inn, the ability of the orientating control law

improve s asthe value for Inn is increased

This is shown to be the case below in Figure 4.9 where the different trajectories dtained as
Inn is increased are presented. Before analysing the results presented below, it is important
to emphasise once again that the only initial condition varied from Figure 4.9 (a) to (d) is

the value used for Inn.

On inspection, the results presented below in Figures 4.9 (a) and (b) clearly demonstrate
that instead of the entire group of BAUVs moving in the same direction when the orientating
control law is implemented, a number of subgroups have formed, with each g roup moving

in a different direction. This formation of multiple sub -groups explains why in Figure 4.8,

the standard deviation of the vehicles heading angle PUOz7 OWEEx EEOI wOiwE OO

when Inn is equal to either one or two.
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Figure 4.9- Variation in vehicle trajectories as Inn is increased

Thereafter, the trajectories presented in Figures 49 (c) and (d) suggest that once the value
for Inn is equal to or greater than four, the orientating control law is able to ensure every
vehicle converges to approximately the same heading angle and hence, a single stable
group structure can be generated. These results suggest that in order for the orientating
control law to operate as required, the value for the algorithmic parameter, | v needs to be
set to at leastfour. To definitively demonstrate whether or not this is the case, the following
section will use Graph Theory to determine the minimum criteria associated with this

parameter that will ensure the formation of a single group structure.

4.5.1.1Achieving Consensus using the Orientating Control Law

In order to implement Graph Theory to determine the smalle st value of Inv that ensures
every vehicle will converge to the same heading angle, the orientating control law shown
above in Equation (4.8) has to be modified to include a mathematical representation of the

vehicles interaction topology. This modificati on is shown below in Equation (4,14).
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[ — 0 T 1'Q p8 RO (4.14)

As with Equation (4.8), I  represents the desired heading angle of vehicle i, [ is the
1T EEDOT wEOT Olthwdaiestieighib@uEadd dw B théJadjtency matrix8

The adjacency matrix is a component of the Laplacian and is used to represent whether or

not a link or connection exists between two nodes in the same graph. In this particular
instance, the adjacency matrix represents whetheror not neighbouring vehicles use one
EOOUT T UzUwi 1l EEPOT wEEUEwWPI 1 OWEEOEUOEUDOT wlOT 1
useful features of the adjacency matrix is that it assists in providing a method by which to
determine the particular type of graph be ing produced. This can be achieved by equating

the number of times zero appears as an eigenvalue of the Laplacian Matrix as being equal

to the number of connected components (subgroups) within that particular graph.

For the results presented in Figure 49, the above feature was implemented and the
evolution of the number of connected components (subgroups) within each simulation

evaluated. The results obtained are shown below in Figure 4.10 alongside the associated
evolution of the average standard deviation of the vehicles heading angle. Also shown in
Figure 4.10 is the percentage of simulations containing a particular number of connected
components (subgroups), i.e. Figure 4.10(a) demonstrates that 56% of the simulations
converged to an interaction topology containing four connected component, i.e. four

subgroups.

The results presented below demonstrate a clear correlation between the value used forlnn,
the number of connected components in the underlying interaction graph and the
converged standard deviation of the vehicles heading angle. For example, Figure 4.10 (a)
demonstrates that when each vehicle only takes into consideration its single nearest
neighbour, 56% of the simulations produced a graph topology containing four connected
components with th e resulting converged standard deviation being equal to approximately
69°. Conversely, Figure 4.10(d) demonstrates that when each vehicle takes into
consideration its six nearest neighbours, the underlying graph for each group always
contains a single connected component and the resulting converged average standard
deviation reduces drastically to 0.2. The reason for this variation is due to the fact that
when Equation (4.8) is implemented, ¥o converges to the average heading angle of the
neighbouring vehicles it is interacting with . As a result, when there are multiple connected

components (subgroups) as in Figure 4.10(a), each vehicle converges to a heading angle that
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is equal to the average heading angle of that particular subgroup of connected vehicles.
This is why in Figures 4.10 (a) and (b), multiple subgroups have been formed that all

manoeuvre in different directions.
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Figure 4.10- Evolution of the number of connected components and b as I is increased.

Based on the results presented above, it is apparent that in order to guarantee that the

orientatingbehavioural control law operates as intended, the underlying graph representing
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the interaction topology of the vehicles mustalways contain a singleconnected component.
As the results shown in Figure 4.10 (d), (e) & (f) demonstrate, this means that Inv has to be

equal to at leastsix when the group consists of twelve vehicles.

This result is not surprising and has been published several times in the liter ature
associated with determining the minimum requirements for achieving consensus within
multi -vehicle systems (Ren, Wei, Beard,R.W, Atkins 2007; Ren & Beard 2008; Jadbabaie et
al. 2003; Ren & Beard 2005; Ren & Beard 2004)

However, while | nv being equal to half the group size is the minimum requirement for
achieving consensus, the results presented in Figure 4.0 demonstrate that improved
performance can be achieved if kn is increased beyond this minimum value. This improved
performance is illustrated by the fact that the average converged standard deviation value
decreases from 0.2 to 0.08 when Inn is increasad from six to eleven. Furthermore, the
results presented below in Table 4.4 illustrate that the associated time taken for the vehicles
to agree on a desired heading angle once every vehicle is using the orientating control law
decreases asnn is increased

Table 4.4- Variation in consensustime as Il is increasedwhen the Orientating control law

is being used
[N Mean Consensus Time (S)
6 20
8 19
11 16

As the graphs presented below in Figure 4.11 demonstrate, this improved performance is

due to the fact that as the value for Inn is increased, the connectedness of the underlying
interaction topology gradually increases. Therefore, with each vehicle having access to

moUl wOl BT T EOQUUDOT wYl | enfdEqgraticn & B)iokcahuehé tb thesan@i wU E
heading angle will reduce and hence, a stable group structure can be generated faster.
Therefore, these results demonstrate that the orientating control law operates most

efficiently when | nw is equal to 11.
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w
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(b) Inn=8

(¢)Inn=11

Figure 4.11- Variation in the underlying graph topology when | nn is equal to (a) 6 (b) 8
and (c) 11

This result however, is in direct contrast to the repulsivecontrol law where the results
presented below in Table 4.5 demonstrate that the time taken for the vehicles to converge

to implementing the orientating control law increases as the value for I is increased. The

results illustrate that on average, the time taken for every vehicle to begin implementing

the orientatingcontrol law increases by 36s when the value used for kn is increased from 6

to 11. The reason for this is due to the fact that aslnn is increased, the denominator of
Equation (4.4) increase® w3 1 PUwUI UUOUUwWwPOwUT 1T wUl OEUDYI wEO
trajectories reducing and as a result, the rate at which neighbouring vehicles manoeuvre

away from one another also reducing.

Table 4.5 - Variation in time spent using Repulsivecontrol law as Inn is increased.

(NN Time
6 115
8 123

11 151
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In summarising, the results presented above demonstrate that in order to ensure that the
formation control algorithm is capable of generating a stable group structure, the number
of nearest neighbours used by each vehicle, i.elnn has to be equal toat leastsix. In doing
so, this ensure that the underlying interaction topology of the vehicles is always connected.
Importantly though, the results present ed in Table 4.4 and Figure 4.D demonstrate that in
order for the orientating control law to operate as efficiently as possible, the value for Inn
should be set to 11. However, as Table 4 illustrates, setting Inn to this value for both the
repulsiveand orientatingcontrol laws results in the performance of the repulsivecontrol law
becoming suboptimal. Therefore, based on these results, it is apparent that if therepulsive
and orientating control laws are to operate as efficiently as possible, the values used for the
algorithmic parameter, Inn cannot be the same and needs to be equal to six for theepulsve

control law and eleven for the orientatingcontrol law.

4.5.2 Analysis of Attractive & Orientating Behavioural Control Laws

In the previous section, the results obtained from the simulations implementing the

repulsiveand orientatingcontrol laws were presented and analysed. The focus of this section
is to now analyse the results obtained when the attractiveand orientatingcontrol laws were
used. Subsegently, shown below in Figure 4.12 is a general overview of the results

obtained from the se simulations.

Based on the results presented in the previous section it is unsurprising that the results
presented below demonstrate that as kn is increased, the percentage of simulations
satisfying the convergence criteria associated with the standard deviation of the vehicles
heading angle increases and reaches a maximum when in is equal to eleven. Surprisingly
though, the results also illustrate that even when Inn is equal to 11, not all the simulations

undertaken were able to ensure the parameter,, converged to a value approximating zero .

Nevertheless, when the results associated with both convergence criteria are compared, it
is apparent that the convergence performance of the algorithm is at its best when Inn is set
to eleven. Subsequently, the majority of the work presented in this section will focus on

these results.

Combining the convergence percentages of both performance metrics when hn is equal to
eleven, it becomes apparent that there are a number of instances where the standard

deviation convergence criterion has been satisfied yet the absolutenearest neighbour

soAL N o~ AN

there exists four instances Gimulations) where the formation control algorithm ha s been
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unable to satisfy both criteria. Subsequently, the following sections will analyse the results

obtained from these simulations in order to ascertain the reasons for this non-convergence.
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Figure 4.12 - Variation in the percentage ofsimulations satisfying the convergence criteria
associatedp P U land Havs as I is increased.

4.5.2.1Analysis of Simulations Unable to Satisfy both Convergence Criteria

As discussed above, there exists four instances from the simulations undertaken where the
attractive and orientating behavioural control laws were una ble to satisfy the necessary
convergence criteria. To understand why this is the case, these four simulations where
identified and the results obtained analysed in greater detail. These results, as shown below
in Figure 4.13 (a) represent the evolution of the minimum, maximum and mean absolute
nearest neighbour distances as obtained from these four simulations. Similarly, Figure 4.13
(b) represents the evolution of the average standard deviation of the vehicles heading angle

as obtained from these four simulations.

Due to the fact that both the minimum and mean absolutenearest neighbour distances have
been able to converge to a value within the confines of the orientation zone, the results
presented above suggest that it 5 only a small percentage of vehides that have been unable
to satisfy the necessary convergence criterions. Upon closer analysis, this was deemed to be
the case and in actual fact, of the four simulations analysed, only a solitary vehicle from

within each simulation was unable to converge as required.

However, the most intriguing facet of Figure 4.13 (a) is the convergence of the maximum
absolutenearestneighbour distance to a value significantly greater than the upper threshold
of the orientation zone. This convergence suggests that thedesirecheading angle produced
from the attractive behavioural control law is no longer manoeuvring each of the four
vehicles towards their respective nearest neighbours but conversely, in approximately the
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same direction. This is shown to be the case whenUl | wWUUEOEEUEWEI YPEUDO
heading angle is taken into consideration in Figure 4.13 (b). The results clearly demonstrate

zero but instead, it oscillates around an average value of approximately 3°. Since it is
already known that eleven out of the twelve vehicles are using the orientatingbehavioural

control law, the individual vehicle still using the attractivebehavioural control law must be

causing this oscillation.

|| s Qrientation Zone |

: — : ; — | : i
100 200 _ 300 400 500 600 100 200

. 300, 400 500 600
Time (s) Time (s)

(a) (b)

Figure 4.13- Evolution of (a) minimum , mean & maximum values for dassE O E wpE A wh &

To understand why these oscillations occur, shown below in Figure 4.14 (a) is a comparison
of the reference trajectory calculated using the attractivebehavioural control law (Equations
(4.1) - (4.3)) and the actualtrajectory of one of the four vehicles still using this attractive

control law.

70 T T T _ I T
E i ' || ——Ref Trajectory
P — -f ___________________________ ‘ Vehicle 'I’.rajeclory
e s T e e 201
1| e S SR O S
E : ‘
S— ' |
131 S A S S SRR SRS S §
P7,) U U . S ;
1) SR S A S SN A S §
0 ; - ‘ 1 : 160, i : i i :
-60 40 20 0 20 40 60 80 0 100 200 _ 300 400 500 600
y (m) Time (s)
(a) (b)

Figure 4.14 - Comparison of (a) vehicle trajectory with reference trajectory and (b) vehicle
heading angle with group heading angle.
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The trajectories presented above clearly demonstrate that the position of the vehicle quickly
converges to approximately the same point in space as the average position of its nearest
neighbours as calculated using Equations (41) & (4.2). Due to this close proximity, it is
physically impossible for the vehicle to manoeuvre to th e required position without
overshooting. Nevertheless, the attractive control law continue s to attempt to achieve this
oscillating around the average heading angle of the group. Unsurprisingly, it is because of

Ul PUWOEUT | wOUEDPOOEUDPOOWUT E U wai @) sundb@ @ oodverged wo i

close to zero.

The results presented in this section demonstrate that when the attractive control law is
used, there is the possibility for the situation to arise whereby the desiredand actualposition
of a vehicle are near coincident. When this occurs, Figue 4.14 (a), demonstrates the vehicle
will continuously oscillate around the average heading angle of the group. While this
behaviour appears in only 4% of the simulations tested, it is apparent that alterations will

have to be made to theattractivebehavioural control law in order to remove this behaviour

and improve the performance of the algorithm.

4.5.2.2Analysis of Simulations Unable to Satisfy Nearest Neighbour Distance

Criterion

The results presented in this section will focus solely on the remaining nineteen simulations

that were able to satisfy U1 1 wEOOYI1 UT 1 OEI w Endtihé ivéhblésOneafed U w b
neighbour distance, dass. To achieve this, shown below in Figure 4.15is the evolution of the
OPOPOUOOWOI EQWEOCEWOERPOUOWOI EUTI UOwWOI T T EOUU W
calculated (and averaged) from these nineteen simulations.

As expected, while Figure 4.15 (b) demonstrates that the vehicles have been able to
converge toward a common heading angle, Figure 4.15 (a) demonstrates that a number of

vehicles have been unable to successfullytransition from using the attractive behavioural

control law to the orientatingone.
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Figure 4.15- Evolution of the (a) minimum , mean & maximum values for dassand E A wh 6

As in the previous section, in order to understand why this is the case, it is necessary to
analyse the evolution of each vehicles trajectory with the associated reference trajectory
calculated using the attractive behavioural control law. While the result s presented above
represent the average values across the nineteen simulations considered, the results shown
below in Figure 4.16 are taken from individual simulations. Nevertheless, the results

presented are representative of the trends discovered acrossthe various simulations
completed.
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Figure 4.16¢ Comparison of referencetrajectory, vehicle trajectory & nearestneighbour
trajectory when Inn is equal to Eleven.

It is important to note that similarly to the previous section, t he reference trajectory

presented in Figure 4.16 is obtained from Equations (4.1) - (4.3) and is equal to the average

position of the vehicles nearest neighbours in the x-y plane. However, unlike Figure 4.14

(a), the reaults demonstrate that the vehicles trajectory is no longer coincident with the
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reference trajectory but instead, trails it by a significant distance. Furthermore, because
every other vehicle within the group is using the orientating behavioural control law , this
reference trajectory will be parallel with that of the remaining vehicles in the group.
Therefore, because the vehicle is using theattractivecontrol law, it too will converge to the

same heading angle as the other vehicles in the group. It is forthis reason that the evolution
Ol askshown in Figure 4.15 (b) converges towards zero despite a vehicle continuing to use

the attractivecontrol law.

As the vehicle is now manoeuvring with a heading angle that is very similar to that of its

nearest neighbour, the only way in which it can reduce daos further is by using the velocity

control laws presented in Table 4.2. However, as shown in Figure 4.16, because of the
relative positioning of the two vehicles, this will only be effective until the two vehicle s are
positioned alongside one another. Once this occurs, the vehicle will no longer be able of
reduce its nearest neighbour distance any further. It is for this reason that for 19% of the
simulations completed, the vehicles were able to satisfy the converl 1 OET wEUDPUI UDE
not dans. It is also for these reasons that the results presented in Figure 4.7 (e) and (f) were

unable to converge back to a dws value that is within the confines of the orientation zone.

In summarising, the previous two secti ons have presented the reasons why in 23% of the
simulations completed, the attractive behavioural control law has been unable to
simultaneously satisfy the necessary convergence criteria. As Figures 4.4 and 4.16
demonstrate, this non-convergence is due b a vehicle being positioned either directly on
top of, or behind the position it evaluates to be the average position of its nearest neighbours
from Equations (4.1) and (4.2). This demonstrates that the non-convergence is a result of
selecting Inv to be equal to eleven. However, crucially the results presented in Figure 4.12
demonstrate that improvements in the attractivecontrol laws ability to satisfy the necessary

criteria cannot be achieved by simply altering the v alue used for Inn.

Therefore, these results suggest that the attractivecontrol law, in its current guise, is unable
to guarantee that a group of BAUVs will form a stable group structure. As a result, it is
apparent that alterations will have to be made to this control law in order to ensure i t can
guarantee the formation of a stable group structure. However, before these alterations are
discussed, the following section will discuss the efficiency of the formation control

algorithm at generating the require d parallel line formation outline in C hapter 1.
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4.5.3 Mapping Efficiency of Formation Control Algorithm

While the previous two sections focussed on analysing the ability of the formation control
algorithm to promote the formation of a stable group structure , this section considers the
efficiency of the resulting group formation to complete the surveying missions outlined in
Chapter 1. As shown below in Figure 4.17 in order to determine whether or not the required
parallel line formation has been generated, it is necessary to evaluate thelateral distances

between each vehicle and its two nearest neighbours.

Lateral Distance

—_—— - = = e e = =

| ;
| \ [
Deployment Arca ! |
! |
\ [ '\
— | \
/ * ! |
{ ] ‘ |
— I

Search Area Boundary

Figure 4.17- Overview of a Multi -Vehicle Oceanic Surveying Mission.

Analysing Figure 4.17, it is apparent that in order to generate the required formation, every
vehicle should have a lateraldistance to their closest nearest neighbour, d that is within the

confines of the orientation zone, i.e. zoa OdiO zoa. Thereafter, for the vehicles not
positioned at the extreme left and right hand sid e of the group, i.e. N-2 vehicles, thelateral
distance to their second nearest neighbour, ¢ should also be within the confines of the
orientation zone, i.e. zoo O d20zoa. For the two vehicles positioned at either side of the
group, their d2 values should be double the normal orientation zone limits, i.e. 2(zoo) Od2

02(zoq). These convergence criteria are summarised below in Table 46.

Table 4.6 - Algorithm convergence criteria .

Parameter Convergence Criteria

Lateral Distance to _
For N Vehicles:

Nearest Neighbour ¢ R
zo01 0d10zoq,

d:

For N-2 vehicles:

Lateral Distance to 2000 0d20200,

Second Nearest
Neighbour ¢ dz

For 2 vehicles:

2(z00) 0d202(z0q)
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In order to determine whether or not t he criteria presented in Table 4.6 has been satisfied,
shown below in Figure 4.18 is the evolution of the percentage of vehicles satisfying the

criteria associated with the parameter di. The results presented below have been evaluated
across all the simulations completed in this study when | nv was set to 11. This means the

percentage value shown below is the percentage of 2400 vehicles.

1.5 ! ! T
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Figure 4.18 Evolution of the percentage of vehicles satisfying the criteria associated with
du.

The results clearly demonstrate that of the 2400 vehicles simulated, only 1.5% where able
to satisfy the convergence criteria associated with the algorithmic parameter, di. Based on
these figures, it is apparent that very few if any of the simulations unde rtaken were able to
satisfy the necessary criteria to ensure the required parallel line formation was generated.
Therefore, as with the results presented in Section 4.5.2, it is apparent that alterations will
have to be made to theformation control algori thm in order for it to not only operate more
efficiently but also ensure that it will be able to successfully generate the required parallel

line formation.

4.6 Summary

The results presented above in Section 4.5 have provided a detded analysis of the results
obtained from the simulations undertaken throughout this study. The aim of the following
section is to now provide a summary of the pertinent results obtained from this analysis
and also detail the necessary changes that need tde made to the algorithm in order to

improve its performance.
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In Section 4.5.1, the results demonstrated that regardless of the value used for nn, the
repulsive behavioural control law is capable of manoeuvring each vehicle to a nearest
neighbour dista nce that is within the confines of the orientation zone. In Section 4.5.1.1, the
results demonstrate that in order for the orientatingcontrol law to operate as efficiently as
possible, the underlying interaction graph should not only be connected but also fully
connected. In gengal terms, this means that Inv needs to be equal to N-1 and for the work
completed in this thesis, this means that Inv has to be equal to 11. While setting kn to eleven
guarantees the orientating control law operates as efficiently as possible, the resuls
presented in Section 4.5.1 also demonstrate thatNn needs to be set to six to ensure the
repulsive control law operates as efficiently as possible. Furthermore, Section 4.5.2
illustrates that the attractive control law is incapable of guaranteeing that the required
convergence criteria will be satisfied for any value of | nv Therefore, alterations need to be
made to this control law to ensure it operates as expected regardless of the value used for
Inn. Finally, Section 4.53 demonstrated that the formation control algorithm, in its current
guise, is unable to coordinate the vehicles into the required parallel line formation
presented in Chapter 1 and as a result, it is unable to efficiently complete the required
oceanic suweying operations. It is therefore apparent from the results presented in this
chapter that creating a formation control algorithm that simply imitates the behavioural
mechanisms of fish partaking in schooling behaviour cannot ensure the formation of a
stable group structure. Furthermore, this algorithm has also been shown to be incapable of
coordinating the vehicles into the required parallel line formation. To amend this, it is

proposed that the following changes be made to the formation control algorithm :

1 Instead of each vehicle using the absolutedistance to its nearest neighbour when
determining which of the three control laws to use, the algorithm is altered to use
the lateraldistance instead.

1 The attractive behavioural control should be altered to ensure the scenarios

presented in Sections 4.5.2.42 are unable to materialise in the future.

The following chapter will now describe the implementation of these alterations.
Furthermore, the same performance metrics used within this chapter will also be used in
order to analyse to what extent these alterations have improved the ability of the algor ithm

to complete the mission profile outlined in Chapter 2.
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Chapter 5

Modified Formation Control Algorithm

5.1 Introduction

As the results presented in Chapter 4 demonstrate, the biomimetic formation control
algorithm is unable, as required, to coordinate the vehicles into the required parallel line
formation. Furthermore, the results also demonstrate that the algorithm cannot guarantee
the convergence of every vehicle to within the confines of the orientation zone. The reason
for this non-convergence is due to the conflicting requirements placed on the algorithmic

parameter, Inv by the orientatingand attractivebehavioural control laws.

In order to achieve consensus in the shortest period of time and therefore ensure every
vehicle converges to approximately the same heading angle as quickly as possible, the
orientating behavioural control law requires that the value for | nnv be set to the size ofthe
group minus one, i.e. N-1. However, if this value is used within the attractive control law,
the results presented in Section 4.5.2 demonstrate that there is a 23% chance that the
algorithm will be unable to satisfy the necessary convergence criteria. Furthermore, as
mentioned above, the results presented in Section 4.6.3 stablished unequivocally that the
algorithm, in its current guise, is also unable to coordinate the vehicles into the required

parallel line formation.

The aim of this chapter therefore is to present the modifications made to the algorithm in
the anticipation that once incorporated, they will allow the algorithm to coordinate the

vehicles into the required formation. In the process, these modifications will also aim to
ensure that the attractive and orientating control laws operate in the desired manner
regardless of the value used for Inv. To demonstrate whether or not these modifications
have been siccessful they will be thoroughly tested using the same two groups of

simulations used in Chapter 4.

112



Modifie d Formation Control Algorithm

The chapter presents the work described above in the following manner. Section 5.2
describes the modifications made to the algorithm and the reasons for making them. Section
5.3 presents a summary of the simulation setup used in Chapter 4 andnow within the work
completed in this chapter. Section 5.4 presents and analyse the results obtained from these

simulations. Finally, Section 5.5 presents a summary of the work completed in this chapter.

5.2 Formation Control Algorithm ¢ Implementing
Modifica tions

The main recommendation of Chapter 4 was to alter the formation control algorithm so that

the lateral distance between neighbouring vehicles is used instead of the absolutedistance
when deciding which particular behavioural control law to implement . As discussed in the
summary of Chapter 4, the purpose of this modification is to ensure that the required

parallel line formation can be generated and hence, the vehicles will be capable of
completing the oceanic surveying missions discussed in Chapter 1. Before these
modifications are presented though, shown below in Table 5.1 is a summary of the

algorithmic parameters used within the modified algorithm presented in this chapter.

Table 5.1 - Description of parameters used inmodified algorithm .

Parameter Description Value
Absolute distance to nearest
dabs . Any real value
neighbour
Lateral distance to nearest
d: _ Any real value
neighbour

Relative angular position of . s
¢ _ _ -180U €O O18C
vehicles nearest neighbour

Number of nearest . .
NN ¢ _ . 0ONNLON-1
neighbours to the vehicles left

Number of nearest
NN r neighbours to the vehicles 0 ONN rON-1
right

While the lateral distance, d: will be predominantly used to decide which behavioural

control law to implement, Table 5.1 demonstrates that the absolutadistance, dabsis still used
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within the modified algorithm. Unsurprisingly, the reason for maintaining this parameter

is to ensure that neighbouring vehicles do not collide with one another.

As with the biomimetic formation control, T is used to determine the relative position
of each vehicles nearest neighbour and the parametersNNLand NNr are implemented to
determine the number of neighbouring vehicles positioned to each vehicles right and left
hand side.

While the methods used to evaluate the parameters,dans, € , NN L and NN r have already
been presented in Chapter 4, Section 5.2.1 below will now describe the functionality
implemented in order to evaluate the lateral distance, da: between each vehicle and its

nearest neighbours

5.2.1 Evaluation of Lateral Nearest Neighbour Distanc es

As shown below in Figure 5.1, in order to evaluate the lateral distances between
neighbouring vehicles, it is necessary to assume that the vehicles are manoeuvring with

parallel traje ctories.

(xiuhyint)

(Xv,yv)

(XnnoYnw)

Figure 5.1- Diagram & Notation used to evaluate the lateral distance between
neighbouring vehicles.

With the trajectories assumed to be straight lines, they can be represented using Equations
(5.1)and (5.2) shown below.

® w0 (5.1)

O a4 o ® (5.2)
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Wherew andw EUI wUOi 1 wEOOUEDPOEUI Uwoi wl EEFanil dreD E O
the coordinates of the vehicle itself and finally, & and &  represent the gradient of the

lines calculated using Equation (5.3) below.
i i OA¢ (5.3)

While not defined yet, T is the angle used within the modified algorithm to enable the
entire group to manoeuvre in a purposeful direction. Regardles s, the equation of the line
perpendicular to these two lines (dotted line labelled d 1 in Figure 5.1) can be defined using
Equation (5.4) shown below.

W a W W (5.4)
Where mper is equal to:
, P
a s 55
5 OF (5.5)
And cpen is equal to:
o w 6 o (5.6)

The coordinates of the intersection, and w can now be evaluated using Equation (5.7)

and (5.8) shown below.

€
€

‘ , . 5.7
w g 2 (5.7)
&) G o o (5.8)

Where A is calculated using the following equation:
w (@) a (5.9)

The lateral distance between the two vehicles can now be evaluated using Equation (5.10)

shown below:

Q D ® O ® (5.10)
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As with the evaluation of the absolutenearest neighbour distance, the above process is

repeated until the lateraldistance to every vehicle within the group is known .

5.2.2 Identifying Absolute Nearest Neighbour

As discussed above, the modified algorithm presented in this chapter uses the lateral
distance between neighbouring vehicles when deciding which particular control law to
implement. However, in order to ensure neighbouring vehicles do not collide with one
another, the modified algorithm also monitors the absolutedistance between neighbouring

vehicles.

As with the origina | formation control algorithm presented in Chapter 4, it achieves this by
using Equation (4.9). Once the distance to each vehicle is known (and stored within the
vector, Dabs), the algorithm sets the vehicles absoluteneared neighbour to be equal to the

neighbouring vehicle associated with the minimum value of the vector, Dabs.

5.2.3 Identifying Lateral Nearest Neighbour

While each vehicles absolutenearest neighbour is identified by evaluating the minimum
value of Dass, the methodology implemented to evaluate each vehicles lateral nearest
neighbour is slightly different and is dependent on not only the lateral distance between
neighbouring vehicles but also their relative position within the group. For example, if a
vehicle has more neighbouring vehicles positioned to its left-hand side, the algorithm
DEI OUDPI bl U lateraldeansst néighlto@ bsghid uehicle positioned immediately to its
left-hand side. Similarly, for vehicles with more neighbouring vehicles positioned to their
right -hand side, the opposite applies. As shown below in Figure 5.2, implementing this
particular identification strategy results in the interaction graph associated wit h each

vehicles lateralnearest neighbour being globally connected.

The direction of the arrows presented in Figurl wk 8 | wb OE D E E Udtexal n&ake$t w Y 1 1
Ol PTTEOUUOwWDPST dws1 1T PEOT whuz Uwdl EUT U0 wOI T T EOU

Figure 5.2 shows that because Vehicles 6 have more vehicles positioned to their left-hand
side, their lateral nearest neighbour is the vehicle positioned immediately to thei r left.
Conversely, vehicles 7-12 evaluate their lateral nearest neighbour to be vehicle positioned

immediately to their right.
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Figure 5.2¢ Group interaction topology associated with eachvi | D Badratndarest
neighbour.

Importantly, Figure 5.2 also demonstrates that the number of vehicles positioned to either
side of each vehicle varies depending on the heading angle of the group. For example, if
every vehicle in Figure 5.2 were to manoeuvre with a heading angle of 0°, Vehicle 12 would
be classified as being positioned to the extreme left of the group and conversely, Vehicle 1
would be considered to be positioned to the extreme right. However, if the group w ere to
manoeuvre with a heading angle of 90°, the opposite would apply. Therefore, it is apparent
that the intended heading angle of the group has to be taken into consideration when

deciding how many vehicles are positioned to the right or left -hand side of the group.
5.2.3.1Evaluating Relative Positioning Of Nearest Neighbours

UWEPUEUUUI EwbOw2i EUDPOOWKSEt 81 OwbOwWOUET UwUOwl
nearest neighbour(s), the following equation has to be used:

[ [ [ (5.1)

Where, as shown below in Figure 5.3,T represents the line-of-sight angle calculated

using Equation (5.12 and[ is the current heading angle of the vehicle itself.

o OF o o (5.12
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Figure 5.3 - Diagram demonstrating the effect that the vehiclesheading angle has on
determining the relative positioning of nearestneighbours.

Where, @ and @ represent the x and y coordiOEUT Uw Ol wUOT T wYI T DEOI z U

and ® and w represent the position of the vehicle itself.

However, for the modified algorithm, instead of using [ , Equation (5.11) has been altered
to take into consideration the aforementioned reference heading angle of the group,l

This reference heading angle is calculated using Equation (5.13) below.

[ [ OWe w1 (5.13

Where the parameters @ and @ represent UT 1 wEOOUEDOEUI Uw Ol wUT
location (user defined goal destination) and off and w represent the coordinates of the

groups average position calculated using the following equations:

o % & (5.14)
& % & (5.19

As discussed extensively in Chapter 4, in order for the vehicles to achieve consensus as
quickly as possible, each vehicle is required to take into consideration every other vehicle

within the group, i.e. | nv = N-1.

Regardless, oncg has been replaced withf it will now be possible for each vehicle to

accurately evaluate the number of vehicles positioned to its left or right -hand side relative
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to the reference heading angle of the group. This is achieved by using the following

conditional statement:

00 00 p HQQ pusn s ™ (5.16)
66 00 pRQQTE T p YT (5.17)
06 00 p AQQ = (5.18)

00 00 p Q@I p W3T (5.19)

Crucially, the conditional statements presented above in Equation (5.16)-(5.19) guarantee
that regardless of the relative positioning of neighbouring vehicles, the modified algorithm
Ul Ol EUU wIi Hdteralneatedt meigtddur sual that the interaction topology shown in

Figure 5.2 is generated.

OEl wi EET lat¥hl dn® &bébiutenBanes neighbour distances have beenidentified,
the next phase of the algorithm is to use these values to determine which behavioural
control law to implement. This decision making process and how it alters from the one

shown in Chapter 4 are presented in the following section.

5.2.4 Decision M aking Process

Shown below in Figure 5.4 is the decision making process incorporated within the modified

formation control algorithm to ascertain which particular behavioural control law should

be implemented.

True Implement Original
d,ib; <Z0S§ Repulsive Behavioural
Control Law
l False
True Tmplement Modified
d, <zoo, Repulsive Behavioural
Control Law
l False
True Implement Modified
d, >zo00, Attractive Behavioural
Control Law
I False
True Implement Modified
zoo, < d; <Zoo, p————s  Orientating Behavioural
Control Law

Figure 5.4 - Decision making structure used within the modified formation control
algorithm .
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As the flow diagram demonstrates, the modified formation control algorithm contains four
conditional statements + one more than the algorithm presented in Chap ter 4. The reason
for including this additional conditional statement is to ensure that as well as coordinating
the vehicles into the required parallel line formation, the modified algorithm is also able to

ensure that neighbouring vehicles do not collide with one another.

Figure 5.4 demonstrates that the first conditional statement determines whether or not the
value for dass is below a certain limit, zos. If it is, the vehicles are deemed to be too close
together and the original repulsivebehavioural control law is implemented. As the results
presented in Chapter 4 demonstrate, this ensures neighbouring vehicles manoeuvre away
from one another and the value for d ass increases above the limit, zos. Thereafter, the flow
diagram demonstrates that the modifie d formation control algorithm implements either the
modified repulsive attractiveor orientatingcontrol law depending on whether the value for
d: is below, above or within the confines of the orientation zone. The following thr ee

sectionswill now describe the modifications made to these three behavioural control laws.

5.2.5 Modified Repulsive Behavioural Control Law

As discussed above, the aim of the modified repulsivecontrol law is to ensure that every
vehicle converges to a d value that is within the confi nes of the orientation zone.

Subsequently, to achieve this, the following conditional statements have been incorporated:
r r Q@O 00 -

. . QOG0 0 (529
In the above equation, | represents a user defined algorithmic parameter which can be
used to alter how qui ckly neighbouring vehicles manoeuvre away from one another. As the

aim of Equation (5.20) is to increase thelateral distance between neighbouring vehicles as
quickly as possible this parameter has been set to 90 As discussed below, when combined

with th e interaction topology shown in Figure 5.2, setting T to 9C° should result in the

vehicles generating the required parallel line for mation in the shortest possible time.

In order to understand why this is the case, it is necessary to consider the interaction graph
shown in Figure 5.2. In doing so, it becomes apparent that when the conditional statements
presented above are implemented, Vehicles 6 & 7 will manoeuvre in the opposite direction
to one another. As a result, the lateral distance between these two vehicles will increase at
the fastestpossible rate until it is within the confines of the orientation zone. At which point,
these two vehicles will manoeuvre with a heading angle equal to the aforementioned

reference heading angle, ¥ rer.
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Thereafter, Figure 5.2 demonstrates that because Vehicles 6 and 7 are now moving with a
heading angle equal toT , the lateral distance between Vehicles 5 & 6 and 8 & 7 will
increase at the fastest possible rate until they too are within the confines of the orientation
zone. This process of sequential convergence will continue until the lateral distances

between Vehicles 12 & 11 and 1 & 2 are also within the confines of the orienation zone.

5.2.6 Modified Orientating Behavioural Control Law

As mentioned previously, the reference heading angle, ¥t has been included to ensure the
group of vehicles are capable of manoeuvring to any desired location. Intuitively therefore,

it is proposed that vehicles using the orientatingbehavioural control law should manoeuvre
with a heading angle that is equal to this value. As discussed in Section 5.2.3.1, theeference

heading angle is calculated using Equations (5.13}(5.15).

5.2.7 Modified Attractive Behavioural Control Law

As Figure 5.4 demonstrates, if the value for di is greater than the upper boundary of t he
orientation zone, the formation control algorithm will implement the modified  attractive
behavioural control law. As shown below in Equation (5.21), this modified control law also

contains two conditional statements:

r Q@G 00
1 fe®s 60 (529

-

As with Equation (5.20), the parameter, [ is a user defined parameter which similarly to

the modified repulsive control law determines how quickly neighbouring vehicles
manoeuvre towards one another. However, unlike Equation (5. 20), its value has been set to

4%°. The reason for selecting this paticular value is that it ensures neighbouring vehicles
manoeuvre towards one another as quickly as possible while at the same time, ensuring the

1 OUPUI wi UOUx WwEOOUDPOUT UwUOwWOEOOI UYUI wUOPEUEUU

Nevertheless, Equation (5.21) demonstates that when the modified attractivecontrol law is
implemented, vehicles positioned at opposite sides of the group will manoeuvre with
converging trajectories until the value for d 1 (for neighbouring vehicles) is within the
confines of the orientation zone. Again, because of the particular interaction topology
implemented, the vehicles positioned at the centre of the group (Vehicles 6 & 7 in Figure
5.2) will converge first. Thereafter, the sequential convergence of neighbouring vehicles as

discussed in Section 5.2.5 will occur until every vehicle is positioned as required.
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5.2.8 Veloci ty Control Law

While it was necessary to alter the heading control laws of the formation control algorithm,

it was decided that the velocity control laws presented in Section 4.4.4 would remain
unchanged. This means that in the modified formation control algorithm, the heading
control laws ensure each vehicle converges to the required lateral nearest neighbour
distance while the velocity control law ensures each vehicle converges to the required

absolutenearest neighbour distance.

5.2.9 Modified Algorithm Struc ture

As shown below in Figure 5.5, the only change made to the original algorithmic structure
shown in Figure 4.6 is the evaluation of the lateral distance, diat between each velicle and

its various nearest neighbours as described in Section 5.2.1.

Qoo Daps® Wrygy, Determine Select & Evaluate
~| Bchavioural Appropriate B
Zone Occupied Control Law
X
N Calculate vectors Calculate the Wp, Ap
YNN = d, and D B parameter - W ||
Wnn
Select Correct
Tail Beat
Do & Wenys Amplitude

Figure 5.5 - Modified algorithm structure .

As Figure 5.5 illustrates, the input to the formation control algorithm has remained

unchanged and is still the positional and heading data communicated by each vehicles
nearest neighbours, i.e. i, ynw E O EnwFhis data is then used to populate the vectors, dia
and Dabs. As discussed previously, these vectors contain thelateral and absolutedistances
between the vehicle and its nearest neighbours as calculated using Kuations (4.9) and
(5.10). After these distances are evaluated, the relative positionng of each vehicle is

calculated and stored within the vector, Thereafter, the vector, dit is used in

Nee
conjunction with the decision making process of Fig ure 5.4 to determine which behavioural
control law should be implemented. Similarly, the vectors Daws and ....are also used to
determine whether the vehicle needs to increase, decrease omaintain its current velocity
based on the velocity control law presented in Section 4.3.4. Once these processes have been
completed, the formation control algorithm produces the desired heading angle of the
Y1 1 Db eénd BewecessaryTail Beat Amplituds, Ao that will manoeuvre the vehicle in the

required dir ection.
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5.3 Simulation Setup & Performance Metrics

The main aim of this chapter is to demonstrate that the modifications made to the algorithm
operate as envisioned and as a result, it is now capable ofsuccessfully coordinating the
vehicles into the required parallel line formation. In order to definitively demonstrate
whether or not this is the case, it is important that the simulations and performance metrics
used are similar to those in Chapter 4. Therefore, the following two sections provide a brief
review of these and highlight any differences or improvements identified within the

subsequent analysis.

5.3.1 Simulation Setup

Table 5.2 demonstrates that similarly to Chapter 4 the simulations undertaken in this
chapter are separated into two groups. Once again, hese groups are categorised depending
on the initial control law used by the vehicles. At this point, it is important to note that
although the lateraldistances are now predominantly used to determine which behavioural

control law to implement, the vast majority of the vehicles will still use either the repulsive

or attractivelaws at the start of each simulation.

Table 5.2 - Simulation Parameters.

Parameter Group 1 Group 2
Initial Behaviour .
Utilised (Repulsive)
Behavi 1 Z [
ehavioural Zones Size [20,25200] [6,11,200]
(m)
Nearest Neighbours
Used (Inn) 1 11
Reference Heading r r
Ol Okwopx T T

However, unlike Chapter 4, Table 5.2 demonstrates that the simulations completed in this
chapter do not vary the parameter, Inv and instead, its value is kept constant at 11. This is
due to the fact that as shovn in Figure 5.2, each vehicle needs to know its relative position

within the group and as a result, needs to know the position of every other vehicle in the

group.

Furthermore, the other variation between the simulations completed in this chapter and the

previous one, is the inclusion of the parameter,[ . As Table 5.2 illustrates, a constant
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value of 45° has been selected. The decision not to vary this paramegr is to ensure that

variations in its value cannot be attributed to the algorithm not operating as expected.

Finally, as with Chapter 4, for each of the two groups presented in Table 5.2, 100 separate
simulations have been completed. Due to the fact that Inv is no longer altered, the results

presented below are compiled from 200 simulations.

5.3.2 Performance Metrics

In order to allow a direct c omparison with the results obtained in the previous chapter, the
performance metrics used in this chapter are the sameas those presented in Chapter 4. As
a result, Table 5.3 below provides a summary of these metrics and the criteria that must be
satisfied in order to demonstrate that the algorithm has coordinated the vehicles into the

required parallel line formation.

Table 5.3 - Description of performance metrics & convergence criteria .

Parameter Description Convergence Criteria

Standard Deviation of Allows the variation in vehicle 5EOUI w | OUw
Vehicle Heading Angle heading angle across each converge to a value less

-b simulation (group) to be analysed. than or equal to 1°

Determines whether or not the

_ heading control laws have o
Lateral Distance to _ zoo O diO zoq, for all
_ successfully coordinated each .
Nearest Neighbour ¢ d: _ . vehicles.
vehicle to the required lateral

separation distance.

Determines whether or not the
heading control laws have For  N-2  vehicles:
successfully coordinated each 2000 WA uwa OOU

vehicle to the required Ilateral For 2 Vehicles:

Lateral Distance to
Second Nearest

Neighbour ¢ d2 _ _ _
separation distance for its second 2(zool) AdvA wil pa OO

nearest neighbour.

Absolute Nearest Provides a metric by which to . .
_ _ o _ zoor O dabs O zoq, for all
Neighbour Distance - determine if the velocity controller
_ _ vehicles.
dabs is operating as expected.
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As with the results presented in Chapter 4, the purpose of analysing the standard deviation
Ol wUOT T wYI THEOI Uwi deteEmnbéwhattieCor i theualgaitinUhasiodean
successful in ensuring every vehicle (from within each simulation) converges to the same
heading angle. Thereafter, as discussed in Section 4.5.3, the purposef evaluating and
analysing the lateral distance between each vehicle and its two nearest neighbours, i.e. d
and d:is to determine whether or not the vehicles have been able to coordinate themselves
into the required parallel line formation. Finally, ana lysing the absolutedistance between
each vehicleand its nearest neighbour allows a determination of whether or not the velocity
control law still operates as expected and as such, allows each vehicle to manoeuvre directly

alongside their nearest neighbour.

If the first three criteria presented in Tabl e 5.3 are satisfied, the modifications made to the
algorithm can be deemed successful. This is due to the fact that if these three criteria are
satisfied, not only does it guarantee that every vehicle has canverged to the same heading
angle but more import antly, it also demonstrate that the vehicles are moving in the required
parallel line formation. Thereafter, if the final convergence criteria associated with the
parameter, dass is satisfied, it demonstrates that the velocity control law still operates as

envisioned and the neighbouring vehicles are positioned directly alongside one another.

5.4 Results

The aim of this section is to analyse the results obtained from the simulations using the
modified algorithm presented in Section 5.2. The analysis of these results is to ascertain
whether or not the modifications made have improved the algorithms ability to coordinate
the vehicles into the required parallel line formation. To achieve this, Sections 5.4.1 and 5.4.2
will present the results obtained from the two groups of simulations presented and

summarised above in Table 5.2.

5.4.1 Analysing the Modified Repuls ive & Orientating Behavioural
Control Laws.

As with the results presented in Chapter 4, the main method to determine whether or not

the algorithm has promoted the formation of a stable group structure is to analyse not only

the evolution of the standarddeY DPEUD OO wOiT wUOT 1 wYl T PEOI 7z dbsolute E ED
nearest neighbour distance, dws. Subsequently, shown below in Figure 5.6(a) and (b) is the
evolution of these two parameters in terms of the minimum, mean and maximum values
obtained througho ut the simulations completed. The reason for including the minimum

and maximum values is to present the entire envelope of results obtained throughout the
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simulations completed in order to quickly ascertain whether or not the changes made to the

algorithm have been successful.

The results presented below in Figures 5.4 (a) are as expected with the standard deviation

value initially increasing as the vehicles implement the modified repulsive behavioural

control law (Equation (5.20)). After initially increas ing, Figure 5.6(a) demonstrates that the
OPOPOUOWEOEWOERDPOUOWYEOUI Uwi OUwbwEIT EUI EUI wb
70s onwards. Once again, this behaviour is expected and is due to the fixed interaction
topology shown in Figure 5.2 resulting in nei ghbouring vehicles sequentially converging to

a d: value within the confines of the orientation zone.

100 : : : 80

: H 1 . Min
Mean
Max
Orientation Zone

...........................................................

-------------------------------------------------------------

daps(m)

0 100 200 300 300 500 600 100 200 _ 300 400 500 500
Time (s) Time (s)
(a) (b)

Figure 5.6- Evolution of (a) b amd (b) maximum, minimum & mean values for dabs

Basedsolely on the results presented in Figure 5.6 (a), it is apparent that the modifications
made to algorithm have not affected its ability to ensure that every vehicle (from within
each group) converges to manoeuvring with the same heading angle. These resuts
therefore demonstrate that the modified algorithm has produced a group structure that

satisfies the first convergence criteria of Table 5.3.

As with Figure 5.6 (a), the results presented in Figure 5.6 (b) are as anticipated with the
minimum, mean and ma ximum values for dabs all converging to within the confines of the
orientation zone. More importantly, Figure 5.6 (b) demonstrates that the minimum value
for this parameter never decreases throughout the simulations. This demonstrates that the
inclusion of the original repulsivebehavioural control law to ensure neighbouring vehicles
do not collide with one another has been successful. Similarly to the results presented in
Figure 5.6(a), Figure 5.6(b) suggestthat the modified algorithm has been able to coordinate

the vehicles into a formation that satisfies the fourth convergence criteria of Table 5.3. This
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is shown below in Figure 5.7 where the evolution of the percentage of simulations satisfying

the first and last convergence criteria of Table 5.3 arepresented.

While the results presented below demonstrate that both convergence criteria have been
satisfied, they also illustrate that it takes significantly longer to achieve 100% convergence
for the parameter, dass. Once again, this is an indication that the algorithm is operating

correctly as it suggests that only after every vehicle has converged to an appropriate c

value, will the velocity control law begin to ensure every vehicle converges to a suitable d abs

value.
100 : : : 100 T T —r
Y S S SRS SRR SUS S 90}-- L
.11 U S S R SRR e i A
70 b ] 2 e g
) >
k: T T 3 60} -
c =T SO Y S SN S N
3 113 S S ST S S S g 50 L - . :
240 ---------------------------------------------------------- Em ----------------------------------------------------------
30 30t-- :
1) PSSR SRR SR A SR SR SR 20
) S S S I R L e AL A A
0 : E : : i 0 i ; : : :
100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
(a) (b)

Figure 5.7 - Evolution of the percentage ofsimulations satisfying criteria associatedwith
(@) b and (b) davs.

In order to prove that the required parallel line formation has indeed been generated, it is
necessary to analyse the evolution of the parameters, d and d, i.e. the lateral distances

between each vehicle and its two nearest neighbours.

This is shown below in Figure 5.8 where similarly to the results presented above, the
evolution of the minimum , mean and maximum values for these distances are presented.
Furthermore, also shown in Figure 5.8 is the percentage of vehicles satisfying the rekvant

criteria associated with these distances as described in Table 5.3 above.

As anticipated, Figures 5.8 (a) and (c) clearly demonstrate that the modified algorithm has
enabled everyvehicle from within eachsimulation to converge to a d: value that is within

the confines of the orientation zone.
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Figure 5.8- Evolution of (a) the minimum, mean and maximum values for d 1 (b) the
minimum, mean and maximum values for d 2 (c) percentage of vehicles satisfying
convergence criteria associated with d 1 (d) percentage ofvehicles satisying criteria

associated with da

Conversely, the results shown in Figure 5.8(b) suggest that because the maximum and mean
values for dz-are above the confines of the orientation zone, the algorithm has been unable
to coordinate the vehicles into the required parallel line formation. However, upon further
analysis, this result was found to be misleading and caused by the vehicles positioned at
either side of each group (whose d: value by default, will be at least 40m) skewing the
results for the entire group. This is proven to be the case when the percentage of vehicles
satisfying the criteria associated with the parameter, dz are analysed. The percentages
presented in Figure 5.8 (d) clearly demonstrate that throughout the 100 simulations
completed, 17% of vehicles (i.e. two vehicles per simulation) converged to ad- value within
the required boundaries and similarly, 83% of vehicles converged to a dz value withi n the

confines of the orientation zone, also as required.
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These percentges combined with the fact that everyvehicle has converged to a d value
within the orientation zone (Figure 5.8(a) and (c)) demonstrates that the modified formation
control algorithm is capable of satisfying the necessary convergent criteria presented m
Table 5.3. Furthermore, these results when combined with the fact that it has already been
shown that every vehicle converges to the same heading angle (Figure 5.6 (a)) further
illust rates that the modifications made to the algorithm have been successful While not
feasible to present the trajectories obtained from every simulation completed, shown below
in Figure 5.9 are a selection of the trajectories obtained from a number of the smulations
completed.

Figure 5.9- Example of vehicle trajectories obtained from modified formation control
algorithm when every vehicle isinitially using the repulsive behavioural control law.

Analysing the trajectories presented above in Figure 5.9, it is apparent that the modified

repulsive behavioural control law is operating as designed with vehicles positioned at
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opposite ends of the group moving in opposing direct ions in order to increase the lateral
distance between themselves and their neighbouring vehicle as quickly as possible. The
trajectories also demonstrate that Vehicles 6 and 7 are always, as expected, the first to
implement the orientatingbehavioural control law. Thereafter, the trajectories demonstrate
that the remaining vehicles all sequentially converge towards implementing the orientating
control law. Once again, this behaviour is as envisioned and is due to the aforementioned
interaction graph shown in Figure 5.2. Finally, the trajectories presented above in Figure 5.9
(a) + (d) demonstrate that once every vehicle is implementing the orientating control law,
the required parallel line formation has been generated. Therefore, these results when
combined with those presented in Figures 5.68 demonstrate that the modifications made

to the repulsiveand orientatingcontrol laws have been successful.

In order to demonstrate that the modified algorithm operates successfully regardless of the
initial control law implemented, the foll owing section will now present the results obtained

from the second group of simulations

5.4.2 Analysing the Modified Attractive Behavioural Control Laws.

As discussed above, the aim of this section is to analyse the results obtained fom the
simulation where t he majority of vehicles initially implemented the attractive behavioural

control law. To achieve this, as in the previous section, shown below in Figure 5.10 is the
evolution of the minimum, mean and maximum values for the paramet 1 U U O w bwoamE O E w
the associated evolution of the percentage of vehicles satisfying the necessary criteria

associated with these parameters.

Once again, the results presented in Figure 5.10(a) are as expected, with the standard
deviation increasing as the majority of the vehicles implement the attractive control law

before decreasing asthe number of vehicles using the orientating control law begins to
increase. However, what it is notable from the results presented in Figure 5.10(a) is the
substantially longer period of time ri @UPUI Ewi OUwUI T wOERDPOUOWYE
towards zero. This is not entirely unexpected and is due primarily to the fact that the
algorithmic parameter, | is half the size of the parameter,[ used in the modified
repulsive control law. As a result, the speed at which the lateral distance between

neighbouring vehicles can be reduced at, is inherently smaller.
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Nevertheless, Figures 5.10 (a) and (c) demonstrate that the modified formation control
algorithm has, as required, ensured everyvehicle converges to approximately the same
heading angle and hence the first criteria of Table 5.3 has been satisfied by every vehicle.
As with the results presented in the previous section, this suggests that both the attractive

and oriertating control laws are operating as expected.

While Figure 5.10 (b) demonstrates that both the minimum and mean values for the
parameter, dabs have converged to a value within the confines of the orientation zone, the
results clearly demonstrate that the maximum value is still significantly greater than the
upper boundary of the orientation zone. However, because the value is steadily decreasing,
the results imply that the velocity control is operating as expected and if the simulation run
time wer e to be extended, this parameter would also converge as required. This is further
illustrated by the results presented in Figure 5.10 (d) where it is quite clear that the
percentage of vehicles satisfying the associated convergence criteria is steadily inobeasing
at the end of the simulations.
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When combined, the results presented in Figure 5.10 suggest that because the minimum,
mean and maximum standard deviation values have all converged to below the required
limit, the modified algorithm has been able t o coordinate the vehicles into the required
parallel line formation. However, because of the longer convergence time, the velocity
control law, while still operating as designed, has been unable to reduce the maximum

value of dabsto within the confines of the orientation zone within the given timeframe.

To definitively demonstrate that this is the case, shown below in Figure 5.11 is the evolution
of the minimum, mean and maximum values obtained for the lateraldistances, ¢t and dz as

well as the evolution of the percentage of vehicles satisfying the associated convergence

criteria.
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Figure 5.11- Evolution of (a) the minimum, mean and maximum values for d 1 (b) the
minimum, mean and maximum values for d2 (c) percentage ofvehicles satisfying
convergence aiteria associated with d 1(d) percentage of vehicles satisying aiteria

associated with d2 when initially using the attractivecontrol law.
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