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Abstract

This thesis addressed the problem of path planning for a fleet of unmanned surface ships in the
preséce of static obstacles. The aim of this study is to propose a new strategy to avoid potential
collisions with static obstacles and each ship. In addition, the objective of the proposed strategy
is to enable the fleet to autonomously change an initialdbom shape into a safer formation
shape when the fleet of the ships faces with static obstacles. A core idea adopted for the
proposed strategy was motivated by behaviours of school of fish in the ocean. We assumed that
the behaviours of school of fish kol three rules. These assumptions were extended to main
methodology of this study: 1) Path planning for a leader dhipeftial Field Method, 2)
Formation control for a fleeQonsensus algoriththand 3) Path planning strategy for follower

ships of a feet. In additionPotential Field MethodandConsensus algorithmvere integrated

to develop the new path planning strategy, which imitates the motion of school of fish when
obstacles are encountered. Repulsive force vectors obtained from redeittemtal Field

Method were used as parameters of proposed mathematical equations to change formation
shapes of the fleet. In order to validate the proposed strategy, simulations have been carried out
for five unmanned surface ships modelled as point mass madldull actuation under
MATLAB/Simulink environment. Simulation results illustrated that the fleet of the five ships
changed their formation shape into a safer formation shape in the presencedesigeed

static obstacles and the fleet of ships sssftdly passed through the static obstacles without
collisions with each ship. From these simulation results, this study has demonstrated that this
proposed strategy will contribute to safety and automation of multiple unmanned surface ships

in the presene of static obstacles.

Key words: Unmanned surface ships, Path planning, Formation control, Potential field method

(PFM), Consensus algorithm
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Chapter 1. Introduction

1.1.Background

Today, there h&beenincreasedn theimportance of unmanned surface stspeemost ofthe
acddents and fatalities at sea happerboard becausef humanerror. In addition,unmanned
surface shipsavemanyof advantages in safety and efficiency.

Historically, unmanned surface ships were firstly developed in 194tf@l prposesSince
1946, there have been a lot of studies on unmanned surface ships for hubtargercial
purposs as well ador taskssuch as surveillangsurveying, and exploration.

Nowadays, fully autonomous unmanned surfadéary vessels in Norwegian company Yara
areexpectedo bedevelogdin 2020.Autonomousunmannedceangoing commercial ships

in Rolls-Royceareaimed to be operated in ZAh3However, most studies have focused on a
single surface shithat has a lackfgayload capacity andeficiency in mission achievement.

In order to improve the weakness of a single ship, the recent and future trend of unmanned
surface ships is to bring into effective actiarfleet of unmanned surface ships formation

to achieve cooperative tasks. The advantages of formation control of multiple unmanned
surface ships include widange mission area, enhanced system robustness, and higher
efficiency(Fan, Feng et al. 201,()Liu, Bucknall 2015)

However, thereare a few problems to be considered on formation control of a fleet of
unmanned surface ships. Whediteet of ships movéowards gyoal inthe presence afbstacles
themain considerationarehow to avoid colliding with obstacles and each sAgpthere are
commonly constrained terrains suchcaannel and canah the ocean environmentmoving
ships in a formation will bedwversely affected by the obstacles.

In addition, compared to mobile robots, unmanned aerial vehicles, unmanned ground vehicles,
and autonomous underwater vehicles, resources of studies on formation control for unmanned
surface ships are quite limited.

Therefore, this studyntendscontribute to a part dbrmation control, named coordinated path
planning strategy for a fleet of multiple unmanned surface ships in the presence of static
obstacles.

1.2. Motivation

Moving unmanned surfacghips arecritically influenced by banksidewall, and shallow water
effecsin the presence of static obstacles such as narrow channel between islands or lands.

Moreover, a fleet of ships iaformation is much morerucially influenced by theffects in
the presence of the obstackesause of the number of ships and the size of formation shapes

Therefore this studyfocuseson change of the formation shapes to reduce influences of the
effects in the presence of static obstaelgthout any collisions.
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Figure 1.1 School of fish in a ball formation

The motivation of this study is from naturethe ocean In Figurel.1, there are a number of
fish moving in a formation calleaischool of fish. The school of fish shapes their own formation
and avoid gaps between large rocks with changing formation blyapsural instinct.

Accordingly, this studyassumethat behaviours of the school of fish follow three rules:
1) There is a leader that decides directions and goal faoittie group
2) The rest otheschooling fisharefollowers that follow the leader in a pdefined formation

3) The formatim shape of the group is changed iateaferformation shape when the school
of fish face static obstacles.

The assumptions from the motivation gvsolutions and insights tehe problems of
coordinated path planning for a fleet of unmanned suréhigs in the presence of static
obstaclesThese assumptions are extended to three main parts of this study

1) Path planning for a leader
2) Formation control

3) Coordinated path plannirsgrategy

1.3. Aim and objectives

The oveall aim of this research is to contributethe realisation of unmanned navigatidhe
aim is to develop strategies ffleet of unmanned surface ships to awbadic obstacleddore
specific objectives aras follows

a) To review the stateof-the-art techniques fompath planning, formation control and

coordinated path planning.



b) To devisea strategyof coordinated path planning based twee behavioural
assumptions.

c) To investigate thefeasibility and efficiency of the devised strategy in various
navigaional circumstances.

d) To put forward ideas on how to apply the strategy to the autonomous navigation of a

fleet of unmanned ships.

1.4. Approach

This chapter introduces a process of how to achieve the dhe m@fsearchTheapproach can
besummarised ifiour tasksasfollows:

a) Reviewvarious published material dealing wiphath planning, formation control and
coordinated path plannirtg identify suitable algorithms to apply tbe case of fleets
of multiple surface ships.

b) Devise a strategy tintegrate thedentified algorithmsfor coordinated path planning.

c) Implementthe proposed strategy in MATLAB/Simulink environmeot create a
simulation tool

d) Carry out a parametric study to investigate #fiiciency and thedeasibility of the
strategy.

e) Discussthe simulation results

f) Put forward recommendations for future work.
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Figure 1.2 Flow-chart of the aproach

The flow of the approach in this study is describeHigare1.2.

1.5.Layout of Thesis

This thesis consists of five chapters &ind appendices, each of which covers the following
contents:

Chapter ds the literature review to provide the stafethe-art in formation control,
coordinated path planning for marine shigarialvehicles and ground vehicles.

Chapter 3s the metodology thadefinesthree problems with planning a coordinated path in
theocean environment with static obstacles.

Chapter 4is the simulation partot validate themethodology by usinghe MATLAB
environment

Chapter Ss to discuss the simulation results, to conclude and to put forward future work

Appendix A Appendix B Appendix Care to give better undganding for readers about
formation control.

Appendix Dis a part of simulation results on case 2

Lastly, Appendix Eis the MATLAB code of the proposed methodology
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Chapter 2.  Literature review

The drive towards a system of unmanned autonomous vehicles has resulted in a variety of
research publications into the development ofrdmatedpath planning for multiple vehicles
that can promote the system more effectialy cooperatively

The purposefdhis chapteiis to provide an overview of the recent researdbrimation control,
especiallycoordinated path plannirigr marine shipsHowever, de to limited researctudies

on coadinatedpath planning for multiple unmannedrface shipsliterature from not only
unmanned ships but also mobile robots, unmanned aerial vetui@&y, unmanned ground
vehicles(UGV), and unmanned underwater vehidés/V) has beemeviewed.

2.1.0Overview of formation control

Thefields offormation control as wekscoordinated path plannirgiarted to bénvestigated

in the late of 1986 byseveralresearchers who were interested in multiple vehicles systems
(Parker 200Q)Therefore, there have been numerous redrd suvey papers for formation
control (Chen, Wang 2005Murray 2007) (Campbell, Naeem et al. 201ZParker 2000Q)
(Kanjanawanishkul 2016)YCao, Fukunaga et al. 199@hd (HernandezZMartnez, Aranda
Bricaire 2011) The review paperin the aboveprovide valuable information onurrent
research topigslefinition, practical problemsandsolutionsof cooperative formation control

in multiple vehiclesystens.

Parke, (2000) statal distributed autonomous muttbbot systems focused on physical robot
implementations. He divideresearchopicson multi-robot systemto eight primaryparts

A. 6 Blogical inspiration®that give strong influenoen cooperative mobd robotics research
because O6Bi ol oaeétheardot of bekbapiddbased cootmlstiéat is the first
paradigm of cooperative mobile robotics.

B. 6 @mmunicatiordin multiple robots to convey information to robot members of the team.
C. Architectures Tas k pl annihasgeen reskardbed macauselit gives a great
advantagdo enable robots to achievask planningfault tolerance, swarm control, human
design of mission plans

D. d_ocalizationMappingExplorationd Recently amount 6 studies on multiple robots have
beenresearchetb enhance positioning accuracy for a team of robots.

E. dbject transport and manipulatiodhas been researched to enable multiple robots to
cooperatively carry, push, or manipulate common objects.

F. dMotion coordinatiorbis popular topic in this area, whetaricludes the studies ofiulti-
robot path planning, traffic control, formation generation, and formation keeping

G. Relatively a fewresearchesf Reconfigurable roboté has been carried outdowever,
OReconfi gur abl etopicanthatit s t achisve gemepation df adegired shape.
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H. d_earningbis a challenging and potential area in multi robot systems to solve complex
cooperative tasksuch agpredator/prey, box pushing, fagang, and multirobot soccer

Compared withParker, (200Q)Kanjanawanishkul (2016)reviewed formation control of
ground mobile roboticen a similar waybut the paperclassified formation controhs four
problems

A. 6 Brmation shape generatidithatfocuses on how to form amewto maintain a formation

B. d~ormation reconfiguration and selectiodthatis necessary tswitchichange/split/join the
formaton due t o change i n suchasnarmwcecoridotsdés confi gu

C. d~ormation trackingbthat is the biggest part of formation control research. The objective
of 6 érmation trackingis to enable a group of robots to maintain a desired formaiivle
tracking a reference

D. Role assignment in formatiodithat isto achieve an assignment of the robots in a desired
formation

The main technical approaches on the formation control problems were summaiiieaasy,
(2007) The approachesere categored infour parts:

A. d~ormation controldto maintain a desired formation shape
B. Cooperative taskingto satisfy agroupobjective
C. &Spatiaktemporal planningto generate paths of the robots

D. Consensus algorithn@sto reach a common decision based on distributed information
Similarly, Cao, (1997argued that because multiple mobile robots must interact with each robot
physically, 6 €ometric issued that include (multipleobot) path planning, moving to
formation, maintaining formation and pattern generation are regarded as inherent problems of
multiple-robot systems in the cooperative robotics.

With respect to formation contrdlhen, (20053 escribé current formation contrassues and
formation controlstrategieson a group of unmanned autonomous vehicles. The control
strategies ardividedinto fourapproache thepaper

A. Behaviourbased approach ah potential field approach that generates a vector to
represent the desired behaviour response

B. d_eaderfollower approachy where leader tracks a predefined path and followers maintain
a desired separation with the leader

C. &Generalized coordinateapproactot h a t characterize the vehic
and its shapwith respect to a reference point in the formation

D. dvirtual structure methodto force a team of vehicles to behave in a rigid formation

Thesummaryof formation controreview paperss described irfrigure2.1.
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Figure 2.1 Overview of formation control

2.2.Formation control approachesin the presence of obstacles

As mentioned in sectio?.1, the geometric issues on formation control are a critical challenge
to solve in the existence of static and dynamic obstacles. Therdobéanea great number of
studies oravoiding hazard obstacles and maintainirigrenaion at the same time for a team

of unmanned vehicles.

Firstly, a behaviourbased approach to robot formatikeeping is proposed iBalch, (1998)

In the article, formation and navigational behaviours are integrated to achieve navigational
goals, avoid hazards, and keep formation simultaneoknshddition,several motor scherse
designated as mose-goal, avoidstatic-obstacle, avoitobot and maintaifiormationenables
robots to move t@ goal while avoiding obstacles without collision with other robots and
remaining in formationThe results o& motor schemebasedormation control in simulation

were generatednithe presence of static obstacles with quantitative differences between
formation types and referencegSontemporarily,Desai, (1998)presentedeedback laws to
control multiple robotsnoving together in a formain in an obstacleenvironment by using

only local sensebased information anda leaderfollower approach.The simulation
implementations of the feedback laws for multiple robots were shown in two formation cases,
moving in constant formation and cigge in formation with static obstacles in the environment.
Even if he result of simulatiom a case ofconstant formatiodshows that one or all of group
members move slightly to avoid obstacles in a constant formation shape, the result in a case of
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G&change in formatiod displays changing triangle formation shape to rectangle formation to
avoid the obstacles not recovering rectangle formation to the original formation shape.

Recently a solution of formation stabilization and tracking for a group of teaiibots by
usingvirtual force method to avoid obstacles dedderfollower approach was proposed by
Mohammadi, (2013)Simulation results of the solutiashemonstrag that a group of mobile
robots change tiction and keep formation with static obstacles in the map at the same time.
An optimal path solution using Asexual Reproduction Optimization (AR®@} has a
remarkable fast convergence tini@ mobile robotsin a leadeffollower structurewas
presentedy Asl, (2014) Simulation results of the optimal path planning for mobile robots
show thata group of the robots maintain formation when they are not close to obstacles and
the formation does not occur when follaware close to the obstacles.

In terms of formation control foa fleet of marine vehiclesn the presenceof obstacles
Campbell, (2012arguel thatit is a more difficult and challenging topic duothe complex
natureand relation to the International Regulations for Avoiding Collisions at Sea (COLREGS)
In addition,Campbell, (20125uggest thatthe purpose of formation control fa fleet is
navigate to a goal location, whilst keeping a formation pattern and successfully avoiding
obstacles.

Arrichiello, (2006)applied6 NuspaceBa s ed b e havi o u roafleetofmariner ol & (
surface esseldo perform multiple tasks such as obstacle avoidance or keeping a formation in
complex environments by selecting dynamically the motion reference commands for each
vessel.To verify the algorithm, two cases of simulations are implemented. A flegtssels

can pass safely imoth situations obottle neck obstacles and randomly positioned obstacles in

the presence of environmental disturbanéesthermoreArrichiello, (2006)argues that the

algorithm can allow changing formations to overtake the obstacles, for example, it can be
chang a V shaped formation into a line formation to pass the obstaclest amould be

reshapd to the desired configuration when the fleet is far from the obstaclesewdow
simulation result of the argument is not shown in the paper.

Recently,Liu, (2015) proposé path planning algorithm by using the fast marching (FM)

method to enable to model the dynamic behaviour of movingsshkith reasonable
computation timeOwing to high uncertainty and complexity of obstacles in a real ocean
environmentijt is primary to consider safety of a fleet of ships. Therefare,(2015)devises

sufficient safe distance to be maintained between ship and static obstacles as well as dynamic
obstacles. To create collision free path in real time,(2015)adopts leadefollower structure

along withthe real time pi planning scheme to maintain formation shapeevaluate the

algorithm, two simulation tests have been carried out in dynamic environment with moving
obstacles. When the fleet manoeuvres in a narrow channel, the Bgettingle formatiorcan

avoid successfully the channel and moving sty forming into a line formation. However, it

does not show reshaping into the original formation, line formation, after passing through the
channel.Following from this work the author proposkthe angle guidancrmation path

planning algorithms using the FM method nanted n-gledance f ast mar c hi
(AFMS) to create patbompliancevi t h vehi cl eds dynamics and or

14



environment(Liu, 2016) The algorithm enables the unmanned surface vehicles (USVs) to
form a desired shape by following the trajectory from random initial positions and orientations.
In addition, the distance to the closest point of approaching (DCPA) concept i usddr

to reduce the potential collision riskgo validate the algorithni,iu, (2016)implemenedtwo

sets of simulation, where th®thtess areto carry outformation path planning algorithm for

a fleet ofUSVs depending on heading angles in different static environment condiifen.

fleet of USVs in a constant formation can successfully reach a goal position without any
collisions in a cluttered environment.

Similar with USVs, many studies of formation camtfor autonomous underwater vehicles
(AUVs) in an environment with obstacles have been researdfeady, (2011)preseted a

motion planning algorithm for multi AUVs formation in the presence of static obstagles
using artificial potential field (APF) ah K a n e 6 ¢Bajodaht 20@B)Particularly, APF is

used to formation motion control for mission requirement, environment, and formation
configuration. I n addition, the integrated
advantage which coordinated control and formation motion planning can be operated at the
same time.To validate the integrated methodology, simulasidar AUVs formation is
implemented in thredimensional space with a sphere obstacle. The Aldfemodelked as

a set ofpoint maseswith full actuation move tohe goalpointin a constant formation whilst
avoidingthe static obstacle. However, it is necessary to consider more complex obstacles for
verifying that the AUVs formation can be maintained and nsafely to the goal point in the
complex environment.

Similarly, Hou, (2008)propose anintelligent behaviowbased team unmanned underwater
vehicles (UUVs) cooperation and navigation in a water flow environmiémbbstacles The
concepts of the algorithm come from group animal behaviouHang (2008)develogdthe

five behavioutbased rules for UUVs formation by using fuzzy logic. To verifyliekaviour
based algoritim, real dynamic UUV model is used in simulations. The simulation results show
the UUVsO6 tr aj e enviomnmestad disturbanca with static @bstaclas.
relatively a few studies consider environmental disturbances in agtastaticobstaclesthe
contribution ofHou, (2008)would give positive impacts on cooperative control for unmanned
marine vehicles. However, the movement of a fleet of UUVs in this simulation is oscillated
around obstacleasnd between obstacles.

2.3.Coordinated formation strategiesin the presence of static
obstacles

As reviewed in sectio.2, there have been several reseastidieson formation control in
theocean environment witbbstacles. Howeveg problem of the formation control isund
Arrichiello, (2006, Desai, (1999, andLiu, (2015 did not show that group of vehicles not
reshapd into original formation shapa&fter avoiding static obstaclds.this section, therefore,

this thesigeviews coordinatedormationapproaches for multi vehicles in theesencef the
obstaclessuch as formation selection, formation changing, formation switching and formation
reconfigurationChen, 2008)(Fan, 2010)(Radovnikovich, 2014and(Dai, 2015)
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Chen (2008 desigred adecentralized formation controller that consists of pads formation
description and formation control usiag adaptive neural network (ANN) o analys the
stability of the proposed formation control algoritivhen formation pattern and interaction
topology are variansimulationbased on particle swarm optimization (PSO) is implemented.

In asimulation, two formation patterns are applied: a triangolanation and a line formation.
Whenthe leader perceives obstacles, a group of robots changes their triangle formation pattern
to a line formation patterto avoid obstacles without collision. As a result, the group of robots
can form tle triangular formation shape from randomly initial positions, and the groupspass
through complex obstacles as changing their formation into the line pattern. In addition, the
group reshape to the original formation pattern after passing all obstadtesvever, the
simulation result does not show detail descriptions of transition situationtfrewriginal
formation toa new formation pattern when the group passes through the obstacles

Similarly, collision free formation changing control algorithwas proposed byan, (2010)
Formation changing rules are based upon sensor information. In addition, artificial potential
method and control matrix are used to reconfigure formations. In order to verify the algorithm,
simulations foreight AUVs under complex environment are performé&de simulation result
shows thatheswarm ofAUVs successfully moves through the constrained environment as the
formation shape changes fraheoriginal formation taafinal formation shape by three times.
However,Fan, (2010xonsideed the case of changing formation pattevhenonly two or

more AUVSs are in danger

Radovnikovich,(2014 proposé an interesting topic on aoptimal planning algorithm for

multi vehiclesto avoidtunnel typeobstacls by a breaking formation pattern and recombining

into theoriginal formationLy apunovds direct method is used
logic is utilized to avoid the obstacle$o validate the feasibility of the algorithnan
experimenfor multiple vehicless implementedn the case of passing througlunnel. The
experiment resudtshowsuccessfutollision free formation controFormation of the vehicles

is rigidly constructed at first before facintpe tunnel. As the follower vehicles perceive the
tunnel, the formation is broken to avoid collissonith the tunnel wall andhe size of the
formation is shrunk to get throudihe narrow tunnelAfter negotiating the tunnel, the original
formation is reshapedeven though the experiment proves the formation breaking strategy
enables the group of vehicles to avoid both side obstacles such as tunnel and narrow corridor,
the resulidoes not show whether one side of the formationld bebroken or both wings of

the formationwould bebroken in thgoresencef one sidd obstacleswWhen the both sides of

the formation are broken, it would give negative impactstienefficiency of formation
navigation.

RecentlyDai, (2015)investigatel a switching formation strategy for mutbbots to avoid and

pass obstacles by using geometric obstacle avoidance control method (GOACM). The strategy
makes leader robot plan a safe path using the method and follower robots switch into a safe
formation by calculating desired distances and angles with the leader. In addition, in order to
avoid obstacles a novel robot priority model is desigheterms & demonstrating validity of

the proposed algorithm, both of simulation and experiment are implemé@&ihedimulation

result shows the team of mufttbots crosses tunnel type obstacles and avoids one side obstacle.
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In addition, the team switch the predefd formation to safe formations such as a line and
triangle formation and switch back into the original formation pattern. With respect to
switching algorithm, however, position errors of the leader and the followers change suddenly
now that the robots dermine to switch formation patterihe errors might causeegative
behaviours focontrolling multirobots.

In conclusionthis sectiorprovided the overview of the recent research in formation cadwotrol
understandhe general backgund of formation control. In additionhis sectionreviewed

papers on approaches for the geometric problems on formation control in the presence of
obstacles for multi vehicle® consider avoiding the obstacles and keeping a formation at the
same tine. Finally,this sectionnvestigated coordinated formation control strategies that are
reshapd into the original formation shape after passing through static obstacles by using
several strategies, formation selection, formation changing, formatiotchgvg, and
formation reconfiguration.

From the literature review, this research study on coordinated path planning strategy was
motivated byd Bi ol ogi c al. In iaddisop,ithe astudy alenls with the problem of
dormation reconfiguration and select o by using approaches ofSpatiattemporal

pl annandogféor mat i obasedc andheladerd lod | o we r toagvaqdr staticc h 6
obstacles.
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Chapter 3. Methodology

This chaptedefinesthreeproblems with planning a coordinated patihieocean environment
with static obstacles. In additiothis chaptesolvesthe problems and propose a new strategy.
This chaptedescribeghe problems and solutions Figure3.1.

To plan a coordinated path in the presence of static obstacles

Problem

* Path planning for a leader
* Maintaining a formation while tracking a path
* Avoiding obstacles while maintaining the formation

l

Solution

» Potential field method
» Consensus algorithm
* Proposed coordinated path planning strategy

Figure 3.1 Definition of problems and solutions

To plan a path for a fleet of unmanned surface slis chapteconsidergplanning a path for

a leade, maintaining a formation and avoiding obstacléisis studyusesthe potential field
method (PFM) fom path planning, consensus algorithm for formation control, and propose a
new path planning strategy for a fleet to avoid statgtanies.

Therefore the methodology for coordinated path planning in the presence of the obstacles is
organized into three sections: 1. Path planning for a leader, 2. Formation control, 3.
Coordinated path planning strategy.

3.1.Path planning for a leader

This sectionthe PFM, gradient descerdand examples of path planning for one single leader
ship. PFM can represent a given napectors that arthesum of attractive vectors by a goal
and repulsive vectors by static oludés Thereforea leader is influenced to pull from a goal
and to push away from the obstacles. Gradient descentaptinization method to finé
minimum value.Therefore, the leader can plan a path from a start point to minimura val
called a goapointby usingthe PFM and gradient descent.
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Path planning for a leader

PFM
Given map
Startpoint‘ Goal point | Obstacles
Attractive vectors | ‘ Repulsive vectors ‘

@

| Resultant vectors |

Gradient descent

Find a path from the highest value (start point) to
the minimum value (goal point)

Figure 3.2 flow of path planning using PFM and gradient descent

Figure3.2 shows the process of path planning for a leader. Firstly, a given map consists of
start pointa goal point and obstacleShe sumof two types of vectors generates vector field
in the given map. Finally, a path can be plahbg converging towardde smallesvalue of
gradient from start point.

3.1.1. Potential field method (PFM)

PFM isfrequentlyused in path planning algorithm because ther@aartanberof advantages
such as highly safe, mathematically simple eledant(Cen, Wang et al. 200.7)he basic idea
of PFM is to fill atwo-dimensionalmap with an artificial potentiatector field where the
vehiclecan beattracted to the goal position acan berepulsed away frorthe obdacles

PFM uses a scalar function callacdbotential function. The potential function consists of
attractive potential function and repulsive potential functiéirstly, the attractivgpotential
functionis defined as a function @frelative distance diween the goal point arzdvehiclein

the mapGe, Cui 2002) Secondly, the repulsive potential function is definedaaslative
distance between obstacles andvbbkiclgPradhan, Parhi et al. 2006y addition resultant
potential function isum of the attractive potential function and the repulsive potential function.
To simplify the path planning usinthe PFM, two assumptions are requireéthe first
assumptionis thatthe vehicleis assumed aa point mass anche seconds thatthe vehicle
moves in a two dimensionalap(Pradhan, Parhi et al. 2006)

Attractive potential function

The attractive potential furion U_,(q) can be definedy Ge, Cui (2002) in the below
equations.
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U@ =5 K o' 32)

rgoal(q) :Hq _Ggoal (3.2)

q=[x (3.3)

Wherek,, is a positive scaling factor; ., (q) denotesthe Euclideandistance between the

vehiclepositionNand the goal positiog,,, in a two dimensional map.

Attractive potential force generakdby the goal is given by the negative gradient of the
attractive potential functidee, Cui 2002)

Fatt (q) = - lH)att(Q) :katt' r goalm /éoal( a kdtt (:q - qgoa)' (3-4)
p=Hi +H _ 8 (3.5)
XMz

For example, sithe vehicle positioggoesintoq,,,, Faq (q) conwerges towards zero because
the distance betweegand q,,, is gradually tse to zeroFigure 3.3 shows the attractive
potential force betweeqn and g, -

\
T

RN
pgoal(‘n “\_\\
'\\\ “
RNRN
NN
Y

\\\ .
\yqiqonl

X

Figure 3.3 Theattractivepotential forcein a two dimensional space

Repulsive potential function

The repulsive potential functiad,__(q) is given byGe, Cui, (2002)in the below eqation.

rep

_\‘e%krep(l/r(q)_ 1/ 6)2 if (q) ¢ 0
U@ =17 DI (36)

Wherek,, is a positive scaling factors(g) is the minimum distancebetweenthe vehicle

position g and the obstacle.In addition, 7, is a constant value that represents distance of
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influence of the obstacle#\s the vehicle positiom is getting closer to the obstacle, the

repulsive potential functiobd __(q) is increasingo infinity.

rep
The repulsivepotential force generated by the obstaeled the influence of the obstagls
describediy the negative gradient of the repulsive potential funahdi®.7), Figure 3.4(Ge,
Cui 2002)

Frep(q): - Brep(cl) (37)
_Ekp, W r(@)-Y ¢) D Ma) (O qu) (@ if (Fr
{0 if 7(q)>0
y
N
F‘rep

Obstacle

W

Figure 3.4 The repulsive potential force
If there ard obstacles in a maphetotal repulsive potential force isbtainedby (3.8).

Nops
Fep = A Frep (3.8)

i=1

Where n,,; is the number of obstacles af¢, is the repulsive force obtained by thé

obstacle.After calculating the attraive force and the repulsive forcéinally, resultant
potential force can bebtainedn (3.9) (Ge, Cui 2002)

E

total

= Fatt -IFrep (3 9)

The resultant potential for¢® imposng on a point mass vehictends togo toward the
goal andpbushaway from the obstade
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Figure3.5 shows the repulsive potential force as a red arrow, the attractive potential force as a

Figure 3.5 The resultant potential force

black arrow and the total potential as a ne

3.1.2.Gradient descent

Gradient descent isgopularoptimization algorithm that minimizessgradient at a poinifThe
basicidea of gradient descecdin besimply defined. As calculation ofradient descent starts
atastart point, it takesnestep poportional to the negative gradieAtnew point is obtained
by calculus, and the repeated process is performed until the graadiehes to the minimum

value(Choset 2005)

Resultant potential function

start point

Resultant potential function

ﬂ:ﬁﬁﬁ s

a4
i

g

T

i

Figure3.6 shows gath planningising gradient desceint a resultant potential fation field.
Thepoint mass/ehicle tends to move to a lower potential function until the potential function
is minimizedat the vehicle positianThereforea path can be obtained well as airection

Figure 3.6 Find a pathby using gradient descent from start point

and magnitude information of tvectois from the start point to the goal point.
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3.1.3.Example

An example showthe entire process of path planning by using PFM and gradient descent in
MATLAB/Simulink environment. The process of path planning is defined bye steps
described in the below.

a) : Drawing a binary map

b) : Obtaininganattractive potential function

c) : Obtaining arepulsive potential function

d) : Calculatingaresultant potential function

e) : Planninga pathby using gradient descent

o
Start|point

e

point

Figure 3.7 Customized map

Figure 3.7 shows a customized madijpatrepreserga complex confined waterwain Figure
3.7, the mapronsiss of two spacs, thefirst space isblackpartthatdepicts obstacles such as
land andsland The £cond space mwhite part that describes sea as a §pace. In addition,
start pointocated in leftupper sideand goal poinplaced in righiower aredesignatean the
map.
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Attractive potential function
— 180

1160
150 |
4 140

1120

Attractive potential function

x[m]

Figure 3.8 Attractive potential function for the map

Figure3.8 is a threedimensonal representation @inattractive potential function in the map.
The xy plane representise horizontal plane of thmap and the-axis representan attractive
potential function.The colourbar represents the strengthtbé attractive potentiafunction
that the larger strength has more yellow and the smaller strength representslpligiee

3.8, two points that represestart point ofto and goal pointe o locatedat php 1t
and p Tifp, respectively.

Repulsive potential function

Repulsive potential function

Goal point e
100 6

< 0 80
40 4

20
x[m]

Figure 3.9 Repulsive potential function for the map

Figure 3.9 shows the repulsive potential functionthreedimensionaimap.Compared with
Figure3.7 andFigure3.9, the black spactha represents static obstacle$-igure3.7 indicates

to yellowflat part inFigure3.9. As shown inFigure3.9, the area of obstesin the map ha
the higheststrength of therepulsive potential functionOn the other handthe repulsive
potential function idess strongn the free space.
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Resultant potential function
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Resultant potential function
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Figure 3.10 Resultant potential function for the map

Figure3.10 shows the resultant potential function that is sum of attractive potential function
and repulsive potential function. Therefore, the resilpotentialfunction has the highes
strength at the start point, and tbeveststrength at the goal point.

o 20 40 60 80 100 Goal point

Figure 3.11 Path planning using gradient deent

In Figure3.11, a black solid lineindicates a path planned by using gradient deséem the

start point to the goal poiaind grey shapes represstdticobstacles. Blue arrovare vectors
thatshow the d@ection and the magnitude of gradientloéresultant potential functiort the

start point, lhe direction of the vectorsaoundhe goal poinbecause there is not the influence

of the static obstacleglowever, the direction of the vectors near dhstacles isilted to the

outside of the obstacles because the vector is affected by the obstacles. At x= 25, the reason
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why the path goes to wide channel motharrow channel is because thagnitude ofthe
gradientnearwide channel is higher tharea narrowchannel
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Figure 3.12 Enlarged map at the goal point

At the goal pointthe black solid line cannot reach the goal point exactly because of
chaacteristic of anumerical simulation, thereforgath planning is terminatedhen the
distance between the point mass vehicle and the goal point is less than.20conclusion,

as shownin Figure3.11 andFigure3.12, a safe path that has tendency to reach the goal and
move away fronthe obstacless plannedn the map

However the path hasscillation in the narrow channeétausef an inherent drawback of
the PFM(Koren, Borenstein 1991)To overcome the drawbackne of path smoothing
algorithms that pick wayoints on the patts usecandeach waypointis connectedavith lines
by usi nHgrmifecobéecpol ati oné

Pick way-points

“'fl\mnlm'

—-—zgéjmﬁhamz

i
2Rl

<

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Figure 3.13 Path smoothing
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Figure3.13shows picking waypointsrepresented as red points and a smoothed path described
as a blue line. In additiorkigure 3.13 shows an enlarged description of the smoothed, path
wherethe black oscillated line is smootheriedhe narrow channel.
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3.2.Formation control

In order toform a predefined formation shape and track a planned path in the formation, a
fleet of unmanned surface ships should sti@# position information with eachip to reach

a cooperative agreement. To achieve the aim, in this siuahnsensus algorithm is selected
for formation control of dleet

3.2.1.Consensus algorithm

This sectionntroducesan equation of formation control basedtbe consensualgorithm and
showa comprehensive example of application to a fleet of the ships.

Supposehatthere aren ships in a fleetTo represent communication envirogmh with each
ship,directed grapiG, 2 (V,, E,) is usedwhereV, ={L,..., 1} is node set and, E V, 3V, is

edge set. Leth =[a ] IR™" be adjacency matrix related with, (seeAppendix Afor

graph theory notations).

This studyassumeghatunmanned surface ships anedelledas point mass modeBynamics
of point mass models is given by=y, i ,...,n, wherex | R is information statehat

indicates position and heading angle of slpaddition, u, I R is control input ofi th ship.

Furthermorgafundamentatonsensus algishm is givenbyu = g g (x x), i 1=.,n
j=1
wherea, is the (i, j) element of the adjacency matré (seeAppendix Bfor fundamental

consasus algorithm).

The fundamental consensus algorithreed to be extendetb consensus trackinglgorithm

with a leadebecausdollowers ofafleet shouldrackal e ader 6 s p atlhaddition, a f or
a timevarying pah is consideredbecause the leader tracks not only a time invariant path but

also a timevarying path in most path following situations (&gpendix Cfor extended

consensus algorithm).

To build and keep foration for point mass models modelled the dynamic, equation
(C.1)and (C.2) are extendetb an algorithm taking into account relative state deviations
from a reference state.

The algorithm for relative state deviations from a tvaeying reference state is writtenRgn,
(20078)

Q-

u=d £agix jd: -k - B-Fad " ( x- k(610

1

a- p’é P | ., ] means the desired separation between information states of neighbours.

The control objective of the equatio(8.10) is given by x(t)- xt)+ (& and
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x@O- Ht) - ), ast- o, if and only if a graphG,,, has a directed spanning tree
structure.

An exampledescribes equatio3.10) to track the relative deviation from tirvarying
reference. Initial condibin of positions and a graph of five models are equal to condition of the
previous simple scenario in addition, the reference state #s X(t) =osf). Relative

deviations from a reference state is givendpy1 4 ,i =1,...,4.

Tracking reference state with relative deviations

T T T T T

AN (<)
¥

Information state, &

[\

Time, t

Figure 3.14 Informationstates of followers to track reference state with relative deviation
Where four followers and a leader are represented by dotted lines and a solid line, respectively.
Figure 3.14 shows that x(t)- cosf) , x,(t)- cos€¢) 1, x(t)- cosf) z and
X,(t)- cosf) tast- o,

3.2.2.Example

Thereis an example to keep a triangular formation for five models irdwnsimal space.
In terms of twedimensional space in equati@@10), the control input, the deviations and the
information states are defined hy=[u,u,]", d=[ ¢ ¥ and x =[ x ¥ in two-
dimensional space.

Firstly,thesmootheneg@athis usedn Figure3.13. Initial positions of the five models are given
by (0,84), (2,82), (2,78), (0,76) and (4,80) respectively. The relative deviations of
followers are set byl =[ 4,4]", d,=[ 2,2, d,=[ 2, 4, d,=[ 4, 4 andd, =[0,0]".
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The desired formation shape is a triangular geometry and described in below figure.

6;511 6;{4-

Oy1 (j)

Figure 3.15 Triangular formation shape for five models

In addition, an adjacency matrix of a strongly connected graph is wntegquation(3.11).

0 0101
00101

A=é 1 0 0 1 (3.11)
2L 00 0 1
00 0 000
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Triangular formation of four followers to track reference state

® Follower1
® Follower2

Follower3
® Followerd
Leader

60

y [m]

0 10 20 30 40 50 60 70 80 920 100

x [m]

Figure 3.16 Four followers to track a leader with keeping formation

As shown inFigure3.16, the map shows narrow chanaetl the plannedpathis designated as
a reference state that a leader traék$ormation of a fleeis a triangular shape at the start

point, in addition,start point and goal point of the leader {¢80) and (108,1).

Paths of éur followers and a leader are represented as dotted lines and a solid line, respectively.
ThePaths ofollowersis generatd safdy until X =60[m], however the below follower 4 cannot

avoid a static obstacles at approxinhake=65[m] andx =95[m].
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3.3.Coordinated path planning strategy

Figure3.17 showsan enlargedrigure3.16 and describea collison siuation between static
obstaclesindafollower.

R T \\_A \J
‘--‘—dﬁ-:::

50 60 70 80 90 100
x [m]

Figure 3.17 EnlargedFigure 3.16in colliding situation

There are three reasons why a fleet of ships cannot avoid the collision situation. Firstly, a
planned path is for a leader, hence static obstacles acemmitleredorthef ol | ower s6 pa
Secondly, equatio(B.10) consdered a position of the leader and relative deviations with the

leader in the absence of obstacles, accordingly the algorithm did not cahsiéeistence of

the obstacles. Lastly, relative deviatiotisn equation(3.10) are fixed values, for this reason
it is impossible for a fleet to change a formation shape idiferentformation.

To avoid the situationthe coordinated path planning stratagyproposed The proposed
strategyenables a fleet of ships to change a formation shape into a safer formation shape when
a fleet face with static obstacléhe strategy applied the repulsive force vectorsquation
(3.10)to change the formation shaféerefore, the strategy enables the fleet not only to avoid
the obstacles but also to maintain a formation.

In addition, akey idea of the strategy is that relative deviationsf aformation vary in time

in the presence of statibstales.Applied repulsive forcerectorsadjust the deviations avoid
collision between the obstacles and a fleet of shijgsachieve the strategy, veefine two

types of formation shap&he first type calledS, is ashapevhena fleet of shipsormallysail
without static obstacle§.he £cond type calleds, consides a saferformationconfiguration

than S in that S, enablethe fleet of shipgo pass though confined channel or complex
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waterway Therefore the fleet changetheir formation shapéom S to S, , when the fleet
approacksthe static obstacles.

Here there are four sectionirstly, explanation of repulsive force vectors by potential field
methodis given Secondly, the types of formation shap8sand S, areexplained Thirdly,

the proposed coordinated path planning strategkscribed Lastly, simple examples of the
strategyare given

3.3.1. Repulsive force vector by potential field method

As shown in sectio.1.], repulsive force vectsrarecalculated by th@egativegradient of
repulsve potential function.

Figure 3.18 Repulsive force vector

Figure3.18 showsthe influence of obstaclé, and the repulsive force vector represented as
single headed arrows from a point obstathere are three points whetigand g, are affected

by the obstacle and, is not influenced by the obstacle.

The repulsive force vecterat points g, and g, are given by l?iql =(‘ ?ﬂl‘,qql) and
F%z = (‘ R]Z‘,qqz) . The magnitude and direction &1 and ﬁq2 are represented dﬁﬂ‘ » Qs
‘If{qz‘ and g,,, respectively. Note that the poigt has no repulsive forceeetor becausthe

distance between the obstacle and the pgiris longerthan the influence of obstactg.

Whenwe compareFﬁiq1 with ﬁqz , the two repulsive forceectors differ from thenagnitudeand

theorientationin that the pointg}, and g, are placed in differergoints
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3.3.2. Types of formation shapes

There are two types of formation shapes represeas&d]l and S,. The reason why we need

the different types of formation shapedecausea fleet of shipsannot go through narrow
and confined obstaclestifie size othe fleet cannoshrinkinto the smalleformation shag.
This reason islearlydescribed in below figure.

Goal point

Leadey obstacle C)/

Figure 3.19 Path planning without the strategy on collision situation

As shown inFigure3.19, there are one leader and two follower shigggresented by star and
circles. In addition, there athree intervals represented AyB and C from start point to the

goal point.Followerl and follower2are designated b¥, andF,. Figure 3.19 showsthat a

fleet of ships are supposed to go from start point iarwail Ato goal point in interval .
However there is a collisiomf F, with the obstacle in interval.

As mentioned above, there are two types of formati@petS and S,. Type of S hasa

smaller widthformationthan type ofS, to cross a narrow static obstacle. The typ&,a0é
definedasa smaller widthshapeanda line shapean the following figure.

F1

F1
Leader Leader F1 F2 Leader

o0 ¥

F2
F2

Figure 3.20 Types of formation shapes (lel, middle: S2.1 and right: S2.2)

As shown inFigure 3.20, there are three types of formation shajpethis study Firstly, a
formation shapen the left sidés S, formedby triangular shapeSecondly,a smaller width
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formation shapén the middle isS, ,. Lastly,a lineformation shape on the righendsideis

So-

3.3.3. Coordinated path planning strategy by repulsive force vector

To change the types of formation shapes fi§rto S, , proposed coordinated path planning
strategyusesrepulsive force vectsr To understand clearly, in this chaptesafer formation
shape is designated &,type Thestrategy ofcthangng S typeinto S typeis described in
Figure3.21.

obstacle

Sy

151

eader

Figure 3.21 The strategy to change into eaformation shape

Figure3.21 shows the process shrinkingtriangularformation shape into a line formation in
the presence dhe static obstacleA connectionwith each shign S typeis representeds

solid lines and connectionvith each shipn S, typeisrepresented atotted linesln addition,

d,,, d,,andd,,, are defined by the relative deviatioof x andy directionsof S andS,

ylsl

types. F1,, F2, are locations of followdr and follower2 inS, type. F1, and F2, are

locations offollower 1 and follower 2 inS, type. F1 is thedotted arrowpointing fromF1 to
F1, , which provide information of the desired direction to transform Sytype. R., is the

repulsive force vectdirom the obstaclat the location of followerlin addition,‘l?x’Fl‘ andg

are the magnitude oR., and the angle betweeR., and ﬁ respectively Furthermore,

‘Rl‘cosqis scalar product ofepulsive force vectoR., and F—]/‘F—Zq becauseR., and El
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g can becalculatedbyg = sigr( R: 3 A) C&l(HRl T:/{ER]HﬁFF) Note thatsign(Q is the

function to return the sign of a real num(@r Whenthe followerlis affected by the repulsive
force vector, theadusteddeviationsof followerl areillustratedin the following figure.

Figure 3.22 Adaptivedeviation of followerl

As shownFigure3.22, the adaptive deviations byand y directions are denoted ky,_and
a, , respectively. For the reason tHat and x direction unit vectoE is known the angld

between F1 and £ can be obtaineavhere itis calculated bp OEQGL'® AT OB
"@¥ '@ . Therefore, the adaptive deviations are given by

a._ () =Kk, @ﬁl‘cos c)'cos (3.12)

a, (t)=k, @Rl‘cos c)fsin (3.13)
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k, andk, are gains of the adaptive deviations.

Finally, the relative deviations of followers are written by

A= dumf® - A0, (24 ¢, dG) (3.14)
4= denfd) - 4O, ( o8 ¢, 9 (3.15)

In equatios (3.14) and(3.15), d,, and d,, are the relative deviatiorsf xand y direction
with leader, respectivelyin addition d, ., and d,, ., are temporary relative deviations.
However, it is necessary to add saturation terms of the ratg @ind o/, becausdigh control
inputneed to be avoideahdsmoother paths should be obtained

a0 =202 40 (g < <) (316)

a,(t+1) - 4

Dt (.qvmin <‘yfﬁ) &yl,rgx) (3.17)

dyl (t) =

In equations(3.16) and (3.17),(3.16) (3.16)d,,(t) and a"yl(t) are the rate o/, and a,

which are boundary between minimum rate and maximum Véien the equatios (3.14)
(3.15), (3.16)and(3.17) are appliedo the equatiorf3.10)in the case ofcollision situation in
Figure3.19, The kehaviour ofthe fleetis described in the following figure.

Goal poini:(

v F2

Figure 3.23 Path planning with the strategy on collision situation

Figure3.23 shows thah fleet ofthree shipseach the goal point araloid collision situation
with the obstacle bghangingthe types of formation shapes. Becalkskcan change into a
line formation shape from triangular foation shape by using the proposed stratdgl,
formeda horizontal line with a leades approaching the obstacle. After crossing the obstacle,

37



F1 reshapedo triangular formation shape in inter¢al On the other hand, while the leader
was in the process of moving from the start point to the goal,pgélhdid not change the
formation shapdor the reason thaff 2 was not affected by remive force vectofrom the
obstacle

3.4.Examples

In this chapterto verify the strategyof plaming coordinated paths for a fleet of ships,
simulation examplewere performedor one leadeshipand two follower ships the presence
of simpleobstacleslt showsthat a fleet of shipavoid the obstacldsy changing the formation
shapes whilgoing into a goal point from a start poirih addition,this sectiordiscusseabout
therelative deviations of followerl and follower2 with the leader whildding the obstacles.

Threedifferent cases of simulatiaare operatedFirstly, a static obstacle is located at the
bottom of the map. Secondly, the obstasléocated at the top of the map. Lastly, two static
obstacles are located at the bottom anddpeof the map. In all casesstart point and a goal

point are given by50,125’ and(960,150. In addition,S type is a triangular formatioand
S, typeis designatedh line formation.Specific configuratiors of S type of followerland
follower2 are designated by (d,,, d,)=( 90,30, and (d,,, d,)=( 50, 30) .
Configuratiors of s,type of followerl and follower2 adesigiatedoy (a,,,, d,)=( 35,0)
and(d,,,,, d,,)=( 70,0). Moreoverthere are eleven triangle connectiartéch describe the
movingprocesdor a fleet of shipso reach the goadointfrom the start point.

Coordi d path pl. ing in the pr of a static ob.

200 —

start point

obstacle Goal point

0 100 200 300 400 500 600 700 800 900 1000
x [m]

Figure 3.24 Coordinated path planning in casel

A path of the leadewasdescribedyy a solid line and paths of two followessre described
by dotted linesThe triangular formatiodefined byS, typefor a fleet of ships was formed at

the start point. However, the triangular formation was transformed slightly as the fleet of ships
approach the obstacle in that follower2 was changing into a horizontébitmation In the

fifth triangle connection, follower2 was totally set as a lioamationcalled S, type After the
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fifth triangle connectionfollower2 reshapedo S type fromS, type because falwer2 was

less affected by the repulsive force vesfoom the obstacle. In thenth triangle connection,
S type was formed agasincethere is no influence of the obstacle.

The relative deviations of followerl and follower2 described in following figure.

The relative deviation &, for followerl and follower2

B [t = e o e e s e e e e

: ; = = =follower1
ssf """""" follower2

60

Relative deviation of x direction

_70 :. A L ] :. 1 1 J
0 05 1 15 2 25 3

Simulation time <10*

The relative deviation Sy for followerl and follower2

= = —follower1
= follower2

-30 i | I L : ! : !
0 05 1 15 2 25 3

<10

Relative deviation of y direction
: : o
T
I
1

Figure 3.25 Relative deviation of followerl and follower2casel

As shown inFigure3.24 andFigure3.25, the relative deviationsf followerl were not changed
because followerl was not influenced by the obstacle. However, the relative deviations of
follower2 were adjustedwhile follower2 avoided the obstacle. The relative deviatiaf
follower2 (d,,, @) approximatelyconverged to(- 70,0) in the presence of the obstacle.

After avoiding the obstaclgg),, @) went graduallypackto (- 50, -30).
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d path planning in the pr of a static obstacle

Goal point

60 : /
O Follower
Follower2
# leader

0 100 200 300 400 500 600 700 800 900 1000
x [m]

Figure 3.26 Coordinated path planning in case2

In Figure3.26, the same obstacle is situated at theafdjpe map in caseb that caserepulsive

force vectos by the obstacle va aninfluence on followerl.The first andhe second triangle
conrections were not transformedn the other hand, the fleet of shiperereshajng the
formation fromthe third triangle connection to eighth triangle connection because followerl
approacheclosdy the obstacleDuring the process of reshapirthe formation shape of
followerl was transformed into a line formation. After the process, the fleet of ships returned
to theoriginal formation shape, similr with the casel.

The relative deviation 8, for follower1 and follower2

= e i

\ = = =follower1
- 0 e follower2

451

Relative deviation of x direction

0 05 1 15 2 25 3
Simulation time <104

The relative deviation 6y for followerl1 and follower2
e S L e

! = = =follower1
\ . (1T follower2

Relative deviation of y direction
I I I o
T

Figure 3.27 Relative deviation of followerl and follower2 in case2
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Figure3.27 shows the relative deviations orandy axisduring a simulation of the casebhe

relative deviations of follower2 had a constant value during the simulation of case2, because
the distance of the obstadles i n did noteeactiodollower2. On the contrary, the relative

deviation of followerl onx axis, d,; went up to- 35 and the relative deviation of follverl
on y axis, g, went down t®when followerl faced with the obstacle. The relative denat

of followerl maintainedixed valueswhile followerl pas®dthrough the obstacle bacse the
relative deviations are boundedifter a fleet of ships went through the obstacle, the relative
deviations of followerl returne form theoriginal formation shape.

Coordinated path planning in the presence of static obstacles

Goal point

start point

y [m]

O Followert
Follower2
# leader

0 100 200 300 400 500 600 700 800 900 1000

x [m]

Figure 3.28 Coordinated path planning in case3

Two obstacles thare inthe top and the bottom of the map ased in caseBecause the
width between two obstacles is narratMs a more complicatedimulation caséor the fleet
of ships to avoid narrow obstacles.

As a result, he fleet of ships avoetithe obstaclewithout collision whilemoving tothe goal
point. There are three steps to pass through the obstaicttly, the type of formation shape

was S atthe firsttriangle connectiomndthe secondriangleconnection. Secondly, the size

of connection triangkewasshunk from the third connection triangléo the sixth connection
triangle because both of followers were affected by the repuleneevectorsof the obstacles.

It is the process of changirfg type into S, type.Lastly, dter the sixth connection triangle, the

size of connection triangle waspandedandthe fleet of shipseshaped S type

41



_ The relative deviation &, forfollowerl1 and follower?2
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Figure 3.29 Relative deviation of followerl and follower2 in case3

As shown inFigure3.28, there arehetwo obstacles that give an influence on both followers.
Therefore,there was a tendency to shrink the size of the formation shape thivbdteet
approaclkedthe obstacles and there was a tenden@xpandthe size of the formatioshape

afterthe fleetpasgdthe obstacles throughlowever,in Figure3.29, the relative deviatior,,

was not changehto - 35 that is the value ofl,, even though followerl came near the

obstacle at the top. Because followerl wa$y affected by vertical repulsive force vedor
from the obstacle, the relative deviation gaxis, @, wasonly adjuged.

In conclusionthree cases of examples about coordinated path planning in the presence of
obstaclesare consideredThe results showhe proposed coordited path planning strategy
enable the fleedleal withthree different obstde configurations in the map@s a result the
followers canadjust relative deviations with a leadsrd the fleet can change their formation
shapes into a safer formation in dangerous situatidhsrefore, coordinategbaths for
followers were generated without collisiewith not onlyobstacledut alsoeach ship
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Chapter 4. Simulation

To validate the proposed strategy, simulations have been carrifed fiveé unmanned surface
shipsmodel beinglefinedasapoint mass model with full acttian in two cases with different

formation types, which are smaller width formation shape nam8d anda line formation

shape named,,. These simulationsissumed that the leader thfe fleetcan obtain the

information of theplannedpathandthe four followerscan obtain the position information of
each shipln addition,the repulsive force vectotsy the static obstaclewe providedo the
followers It is alsoassumed thdhe fleet of five unmanned surface shipanoeuves without
environmental disturbances such as wind, waves, ocean currents forces and moments

This chapter is divided intthreesections.Section4.1 introducesmap representation, initial
setup of formation types and initial positions of the fl8eiction4.2 shows trajectories for the
fleet and relative deviations with the leadaastly, the simulation resultare discussed.

4.1.Basic configuration of simulations

4.1.1.Map representation

This sectiorconsides more complex static obstachesich form a bottleneck The size othe
map inthesesimulations is1200jmJ 450[m]. A start point and a goal point in the map are

described irFigure4.1.

A L sg— c—l D E

start point goal point
(50,225) (1190,225)

Figure4.1 Map configuration with start point and goal point

To show adetail process of changing formation for the fleéetthe simulationsthe mapis

divided into fivepars. Part A represents gradually decreasing width of chamast B shows
constant width of channel. Part C illustrates gradually increasing width of channel on the
underside On the other hand, part D describes increasing widithahnel on théopside.

Finally, part E shows increasing width of channetlmmboth sides. In terms of the five parts

in the map, the fleet of the unmanned surface ships changes their formation while passing
through the static obstacles by using theppsed strategy.
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The result of pathlplanning by PFM

450

y [m]

x [m]
Figure 4.2 A ganned path by PFM

Figure4.2 shows the path faheleaderfrom the start pointa the goal poinin the presence of
the static obstacles and the force vectors represented aartdues. The path for the leader
can avoid the static obstacles and reach the goal ippunding PFM

4.1.2.Initial setup for simulations

To generate a coordinatpdth planning for the fleet, configuration of desired formation types
and communication topology for formation control should be considered. This section shows
the configuration,an adjacent matrix related to the communication topology iaitidl
positions for the fleet.

5x1! 5x4

(0,325)
6x2- 6x3

¥l

(25,275)

6y4 .
(25,175)

(0,125)

Figure 4.3 Configuration of formation shape
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Figure4.3 shows the configuration of formation gleeand the initial positions for the fleet in

the simulations The numbers in circles represent followerl, follower2, followé&vBowerd

and leader designated as number 5. In addi@p, ¢(n=1...,4) meanhorizontal and
vertical distances rative with the leader defined as the origin of the coordinate. Therefore, the
formation configuration of typesS, S, ,and S, ,is written inTablel.

S S S,
(dy, @) | (-50,100) | (-50,50) | (-50,0)
(d,, @) | (-2550) | (-25,25) | (-25,0)
(ds, @) | (-25, 50) | (-25, 25)| (-12.5,0]
(@, @) | (-50, 100, | (-50, 50)| (-37.5,0;

Tablel Formation configuration of three different types

In addition, the adjacent matrix related to communication topology is describegline4.4.

AN

I
o = O O O
o o = O O
o O O = =
o o O O O
O = e e

Figure 4.4 Adjacentmatrix related to communication topology

4.2.Simulation results

This section presents the simulation results for the proposed strategy with favendisafer
formation typego investigate thdeasibility of the strategyAdditionally, simulation results
describe the trajectories of the fleet which generates coordinated paths and illustratefresult
time-varying relative deviations with thedderto show detail explanations of changing
formations.

4.2.1.Casel:Simulation result
In this first simulation case, the fleet of five unmanned surface ships is required to move to the
goalpoint with formation shape dj type ands, , typein the presence of static obstacles. As

mentioned in sectioA.1.1 the map is divided into ftervalsto describe shrinking behaviours
and expanding behaviouo$ the fleef respetively. With the initial setup in sectiof.1.2 the
entire trajectories of the fleet is shownFigure4.5.
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Figure 4.5 Coordinated paths for the fleigt the simulation of casel

Figure4.5 shows the coordinated paths for the fleet where blue uppa@nting triargles and

yellow upwardpointing triangles is represented as follow@rl equal I 'y means th
foll ower 1 &andyeflow tolvrovargainging friangles and blue downwapdinting

triangles is designated as followet3in addition, green circlesirepresented as leaddr.

showed that the fleet can avoid the static obstacles by changhdgfpred formation shape,

S into a safer formation shag®,, while passing through the static obstackswe epected

in sectiord. 1, the fleet of the five ships shrunk the size of formation tp® the end of part
A in order to transformnto S,, type. In part B, followerl-2 and leader was successfully

changed into the line formation shape. However, followkaBd leader were not totally shrunk
into the line formation type. Because of changing pattern of the static obstaglag G

follower3-4 were expanded into tloeiginal formation shapeS, . On the other hand, followerl

2 and leader maintained the line formation shape because of upper static obstacles. In part D,
followerl-2 were expanded as the widitbtween leader and the obstacles goeungide in the

map was increased. In addition, followet3and leader were transformed into the line
formation shapéo avoid the obstacles. Lastly, followed3werereshagd into the triangular
formation shape. The fleet of five ships could reach thé gmat with the original formation

shape.
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Figure 4.6 Coordinated pths and relative deviatiogin interval A

Figure4.6 showsthe coordinated paths for the fleet on léfe-handsidefigure and the relative
deviations on taright-handsidefigure while the fleet passed through intervalTa represent
the current state of thiermation for the fleet, in thessamulatiors, three dotted connection
lines and three numbesase usedn the mapFor examplepn the left figure, there are three

dottedconnectionlines designated as , & , anda . At the firstdotted connectiofine & ,

because there are no influences of the obstaclesshitqgeof formation and the relative
deviationsfor the fleetwere constantlymaintained.However, ecause followerd were

affectedby the undersidelistaclest the secondotted connectioline & , the formation shape
of follower3-4 was changing intthe safer type of formatior§, ,. Additionally, the relative
deviations of x direction for follower2 were increasetb shrink thesize of the formation
shape. The thirdotted connectiotine & shows that not only follower3 but also followerd

2 were changing into the safer formatishape because of influenzg the obstacles on both
sides.
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Figure 4.7 Coordinated paths and relative deviations in interval B
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In Figure4.7, the width between the obstacles on both sides is gradually decire#sedhap.
Therefore, the size of the formation shaheuld beshrunk in the process of going through

interval Bto avoid a bottleneck pattern of the obstacléd the firstdottedconnectiorline & ,
d, of followerl-4 were graduallgonverged into zero in order changeS, typeinto S, , type.

On the other hand{, of follower1-4 were not changed significéynbecause the fleet was less

influenced by horizontal repulsive force vectors than by vertical repulsive force vectors.
Followerl:2 and leader were successfully transformed into the line formation shape, on the

other hand, follower3l were expandebdetwesn the secondottedconnection linéd andthe

third dottedconnectiorine & .
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Figure 4.8 Coordinated paths and relative deviations in interval C
Figure4.8 shows the process of totally expanding the size of formation shape of folldwer3
and maintaining the formation ty,, for followerl-2 and leaderAs thereis no influenceof

the obstacles on bottom sidellower3-4 can be changed into the original formation shdpe,

in intervalC. However, the formation of followerd wasmaintained to overcome the obstacles
on topsideln a similar aspecty, of followerl-2 was slighly oscillated around zero in interval

C becaus the pattern of the obstaclas topsidedoesnot have flat surfase
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Figure 4.9 Coordinated paths and rative deviations in interval D
Similarly, Figure4.9 shows that the formation of followeZlwas expanded int§ type and
the formation of follower3t was shrunk in order to avoid the olo#¢gat the same timeAt
the secondlottedconnectiorine & , followerl-2 were in the process of changing a formation
type into S type, however, the formation of followeBwas changed int§, , type. At the

third dotted connectiohine & , the formation of followerR was successfully transformed into
the triangular type and followewere almost changed into the line formation shape.
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Figure 4.10 Coordinated paths and relative deviations in interval E

Figure4.10 shows thathe fleet reaclsthe goal point with the origal formation. In interval
E, d and d, of followerl-2 were steady because there are no repulsive force vectors by the

obstacle on top side. At the firdbtted connectioine a , follower34 were significantly

influenced by the obstacd®n bottom sideHowever,d, and d, of follower3-4 were going

down until the secondotted connectiotine . In addition,d, and d, of follower3 were
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convergedowardconstant values, where it means that follower3 was completely changed into
the formation typesS, ,. Finally, d, and d, of followerl-4 were converged toward constant

values and the formation of the fleet wexampletelyreshapd into the original triangular

formation type at the thirdotted connectiofine

4.2.2.Case2: Simulation result

In case2, the formatiofs, type for the fleet is different from the formation type of casel in
that the formation typeS, , is triangular and the width of the type is wider th&p, type.this

casewas simulatedo investigatethe feasibility ofthe proposed strategy apilg onvarious
formation shapes.

| |
I A B C | D
I t
|
Coordinated path planning in the presende of a static obstacle

_Y__

400

r— S ——— "__7
i

x}ml
Figure4.11 Coordinated paths for the fleet in the simulation of case2

Figure4.11 shows that the fleet of five unmanned surface ships can change their formation
shape into the safer formation tyjweavad a bottleneck obstaclén the process of moving to

the goal point from the start point. Similarly wigure4.5 in casel, the size of the fleet was
shrunk to change their formatiamto S, ,typein interval A. During interval B, the fleetas

completely changed intdS, , type while going through the obstacles. In the next intetyal
follower3-4 were expanded int§, type, on the other handd formation type of follower2

was maintained as, ; shape. Contrary to interval C, the formation of follow2nias changed

into S type, in addition, follower34 movedo form S, type. In interval E, the fleet of the five

ships was totally expanded into the original formation shape again when leader safely reached
the goal point.

In addition,detail descriptions of the behaviours for the fleet in interv& arecan be found
in Appendix Dwith brief explanations
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Chapter 5.  Discussion Conclusion and Futher Work

After this thesisreviewed previous published paper@mapter 2it is decided to research
coordinatel path planning strategy dealing with formation reconfiguration and formation
changingto avoid static obstacleslencethe overall aim of this researgbasto contribute to

the realisation of unmanned navigation for a fleet of unmanned surface Bhigshieve the
aim, the methodology for coordinated path planning stravegy proposedndit wasverified

by performing simulations.

The proposed methodology is divided into three parts in order to solve three prdtdeare t

path planning for a leadeanaintaininga formation while tracking a path and avoiding obstacles
while maintaining the formatiomhree solutionso the problemsaredotential field methodl
dConsensus algorithinand@roposed coordinated pathaphing strategy A lot of research

on OPotenti al field met hve dlréadyabereth studi€bamd raves u s
been used for commercial purposbscausethey can be simply applied and easily
understandableTherefore,two solutiors were combinedwith the advantages to propose
coordinated path planning in the presence of static obst&atedly, the proposed strategy

used repulsive force vectors by obstacles to change their formation into a safer formation.

To verify the proposednethodology two cases of simulationsave been carried authe
assumptions of these simulations are that leader knows information of the path, repulsive force
vectors are given to followers, there are no environmental disturbandasy@anned surface

ship models are defined as point mass modéls.simulation results show that the proposed
strategy enables a fleet of multi unmanned surface ships to avoidrmtkeshaped static
obstacles and to reach a goal point from a stantpoi

These simulations werput effort into dealing with five problemisom literature review,
ChapterChapter 2 Firstly, a few published results did not show that a group athleshis
changed int@anoriginal formation shape after avoiding static obstdéegchiello, Chiaverini

et al. 2006)(Desai, Ostrowski et al. 199&nd(Liu, Bucknall 2015) Thesesimulation results

show not only the process of changing formation typlede passing throughtatic obstacles

but also the process of being reshaped into an original formatioraftgrepassinghe static
obstacles Secondly, even thouglhen, (2008)showed the whole process of switching
formation types in the presence of static obstacles, we cannot realize collision situations with
each vehicle for the rean thathere are no detail descriptions during the process of changing
formation types. In these simulations, the map is divided into five inteao/déscribevhether

a fleet collide with each ship in detdfligure4.6 to Figure4.10 show the result of trajectories

for a fleet, wheret showedwhether the fleet collidewith each ship or not. Thirdlygven if

Fan, (200) proposed collision free formation changing control algorithm, the algorithm works
when only two or more AUY perceivalangerous situations. Compared widm, (2010)the
proposed strategy uses repulsive foreetors which influence all follower of the flgetavoid

the obstaclesTherefore, the formation of the fleean be individually changed into other
formation type by using the proposed strategy even though only one follower is affected by the
obstaclesAdditionally, Radovnikovich(2014) has a drawback of efficiency in that both wings

of formation should beswitchedinto a ine formation shape even if a group of vehicles
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approacheene sided obstacl&he proposed strateggnables the fleet to avoid @sided static
obstacles efficientlyn Figure4.8 andFigure4.9. One wing of formation can be changed into a
line formation shape when the fleet pasghrough one sided static obstaclescause of
repulsive force vectors by the obstacleswvever, the otheving of theformation is maintained.
Finally, inherent shortcomingf switching formation strategg deat with, which is sudden
change of position errors for followemsw that a group of robots decides to switch formation
patternto avoid static obstacle$he proposed strategynadjustrelative deviations to change
their formation type when the fleet afected by static obstacles. Therefore, it can prevent
sudden changes @iosition errors while the fleet changesmationin Figure4.6 to Figure
4.10.

Finally, the main conclusions drawn from the research presented in the thesis can be
summarized as follows:

V A critical review of thestateof-the-art algorithms for path planning, formation control
and coordinated patplanning disclosedmportant problemsvere not addressed in
previous works

V @otential field metholand &Consensus algorithdrare used to devise a strategy of
coordinated path plannirzased on three behavioural assumptions. A coordinated path
planning strategy for multi unmanned ships ¥oid static obstacles was presented in
this study. This strategy is suitable for changing formation shapes to pass through the
static obstaclewithout collisions

V Simulation environment of the devised strategy was developed in MATLAB/Simulink.
Feasibiity and efficiency of the devised strategy was investigated in the simulation
environment. The strategy has been proven a use@thod for coordinated path
planning.

While this study has demonstrated the potential of coordinated path planning for & fleet
unmanned surface ships in the presence of static obstacles, many opportunities for extending
the scope of this study remain. For future work, the proposed methodalblgg extendedo

deal with kinetic models founmannedships. In addition, futurgvork includestaking into
account environmental disturbances such as wind, waves and ocean currents.
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Appendix A

Graph theory notation®en, Beard 2008)

To descrile information exchange among ships in terms under communication environment,
graph theory is widely used. There are two types of graphs, directed and undirected graph. A
directed graph is a graph that is a set of nodes connected by edges, where thawedges h
direction associated with nodes. On the other hand, the edges of undirected graph can share
information with each node linked by edges, because they have no direction between nodes.

A directed graph has nodes and edges that is atpd® , where. pkB It is a set of

nodes an@O . . is an edge set of ordered pairs of nodes, called edges. The@age
%indicates that nod&ralled the child nodean acquire state information from ndtkalled

the parent node and selfiges "GQN %canbe allowed. In terms of undirected graph, edges

of an undirected graph do not have orientation and the pairs of nodes in the edges are not
ordered. It means that no@&and nodétan get information from each other

(a) @ (b) @

Figure A.1 Subplot (a) is a directed graph and subplot (b) is an undirected graph

FigureA.1 shows two diferent types of graph for two nodes represented by circle 1 and circle

2 and one edge depicted by an arrow and a line. Subplot (a) describes that the parent nodel
gives information the child node2 and subplot (b) illustrates that nodel and node2 share
information from each other.

To represent a graph in graph theory, an adjacency mhatrixww N Y  of a directed
graph with node set  ph8 R is widely used. The adjacency matrix is a square matrix of
componentsd , where®d  pif "@QN 'O, while®  mif '@Qe ‘Oand in terms of self
edges T In FigureA.1 (a) and (b), adjacency matrix poo g in directed graph and

! g) E) in undirected graph, whefe Tt, respectively.

In graph theory, a tree consists of a rooted node, the other nodes and edges between all nodes.
If a tree may have orientation, it is called a directed tree. A rooted node is a node which has
been picked as one parent node of the treerddted node can access to every nodes in the

tree and give state information to all nodes. A tree that is a sub@aptiuding all nodes

with minimum edges of the grap@is called a spanning tree of the gra@hTherefore, a
spanning tree does not contain cycles and disconnection
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Graph G

Spanning trees

<L@1 J@&<3&3 3)

Figure A.2 A connected graph and possible spanning trees

In Figure A.2, fully connected grapfOhas three possible candidates of anspzgy tree,

"0 HO and"O . The spanning tree has following characteristics. The first characteristic is that
the spanning tree will be disconnected when an edge of the spanning tree is removed. Another
characteristic is that the spanninge will be a circular loop when an edge of the spanning tree

is added
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Appendix B

Fundamentatonsensus algorithiiren, Beard et al. 2007)

In order to achieve synchronization amongshive need consensus algorithm to share state
information with a fleet of ships. Suppose that we hiawhips in a fleet. To describe
communication environment among ships, we use a directed 'griéath consists of6H6,
where6  pFB A is the node seind% 6 6 is the edge set. To model mathematically
the communication environment, we let A N g be an adjacency matrixThe
communication environment may be varying in time because of vehicle motion or
communication drop outHowever, the communication environment will not change for
simplified simulation in this study. Therefore adjacency matng not timevarying matrix.

The following equations are the mostmmon consensus algorithm and sirigtegrator
dynamics

x=y, i 4..,n (B.1)
xM=agx® x(), ij 1=.,n (B.2)

j=1
In equation (B.1), x I R™ is the information state ang i R™ is the control input of
the i™ ship in a fleet In equation (B.2), g is the(i,]) entry of the adjacency matrix

Al R™" and x ; () R™ is the information state of thi', j"ships at time. if (j,)i E |
a; =1 otherwiseg, =0 that means thg™ ship canot give the information state to th&

ship," ] ,I. Instinctively, the information state of each ship of equation (B.2) converges
towards t he nei datebThainfosmation stafe ofra freattofislops cas meet at
a common value if allx(0) exist and||x(t)- x (] - 0 ast- = wherei,j=1...n .

However, it does not guarantee the specifiedroon value and convergence time

We have a simple scenario to describe basic consensus algorithm for six point mass models
based on two equations (B.1) andB.2). Initial positions of the six models af8.1,0),

(0.3,0), (0.5,0),(0.7,0), (0.9,0) and (1.1,0), respectively. A grapl& is shown in below
figure.
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Figure B.1 Communication interaction among the six models

FigureB.1 shows time invariant communication topology among the models. The @Gaph
has a directed spanning tree structure, therefore it can sharextbe®ction position
information with all neighbours.

(B.3)

O r O O O

Equation (B.3) shows an adjacency matriXi R®®associated witthe graphG .
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Convergence of information state
11 T T T T T
x1
— 2
T x3|
— x4
x5 |
0.9 x6
0.8 -
x
3
@ 0.7 4
o
(/]
I~
Qo6 i
.
©
E 0.5 1
e .
£
04 1
0.3 k T
0.2 —
01 F 1 1 1 1 1
0 50 100 150 200 250 300
Time,t

Figure B.2 Result of Information state for six point mass models

Figure B.2 shows the result of x position information for the models based on equation
(B.1) and(B.2). The six models converge at a poin2 which is an average between initial
positions of model 1rad model 2, because two models meet faster than other models and then
other models move to the point.
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Contorl input of all ships
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Figure B.3 Result of control input for six point mas®mdels

Figure B.3 shows the result of control inputs converging at zero point. Model 1 only has
positive control input and the others have negative control inputs to move in negative direction.
The control inputs ofhe models achieve consensus perfeatigrt =150s. It means that the
models do not move after consensus is reached completely.
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Appendix C

Extended consensus algoritl{Ren 2007)

Equations (B.1) and (B.2) guarantee the convergence of the basic consensus
algorithm, if the models have initial positions and a graph is a directed spanning tree structure.
However, the common va¢ of consensus for the models cannot be specified and variable.
Therefore, formation control based on consensus algorithm need an improved equation that can
specify a reference state as a common value

The equatn of singleintegrator dynamics is given by
X=u, i4..n (C.1)

Wherex | R"is the information state representirgind y position andu, is the control input

of the i™ model In addition, there is an additional model labelled n+1, which is designated as
a leader thaacts as a reference information state. Accordingly, the information state of the
leader has the reference information state= Xi R™, wherex' means the reference state

of consensus.

The control objective of trackg a leader i, (t)-  2z(t),i =1,...,n, ast- =.Interms of a
directed spanning tree graph that is equivalent to the condition that the only one leader have a
directed path to all the othdollowers, The graph is given b ., = (V. ,, E, .), where

V,.. ={L...,n 4 is the node set ank,,,1 V,, 3V, ,is the edge set. An adjacency matrix

associated withG,,, is given by A, =[g] IR™ ™" * ~where g, >0 if (i)l E,, and

n+l

a =0 otherwise for alli=1....n and j=1...,n 4 in addition to a,,, =0 for all
j=1...n 4

The control input equation is considered in this algorithm for tracking the reference state,

i:%an‘ alx {x =% +a0+1)[ - X-Xx1..n (C2

i =

Ly

Where g, is the (i,]) entry of the adjacency matrid,, , i=1...,n and j=1...,n 4,
h éé?je}j . In addition, the derivative of the information state is given by

X (k+1) - x(K)

| = ™ , Wherek is the discret¢gime index andh is the sampling time of
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simulation.Simulationassumethat g,,,,, =1 if (n+1,i) IE,, and & ey =0 Otherwise It is

noticeable that each vehiclebds control I nput
and their derivatives because of the tracking characteristic of (C.2).

A simple scenarishowstrajectory ofa time varying reference state for one leader and four
followers under fixed communication environment. The leader is designated asSraoukl
the followers are model 1, model 2, model 3 and model 4. Initial positions of the five models

are (1.5,0), (0.5,0),(0,0), (-0.5,0) and (1,0), respectivel. Additionally, the timevarying
reference state is shown byy= Xx(t) =os( ). A directed spanning tree graph is described in
below figure.

Figure C.1 Communication topology for the five models

The leader shares its information state with model 3 and model 4. Model 1 and model 2 can
obtain the information states of model 4 and model 3, respectively. Therefore, the four
followers can get the infaration state of the leader. Accordingly, the graph ensures that the
followers can converge toward the reference state. The adjacency matrix associated with the
graph is given by

01110
00100
A=é0 1 0 0 1 (C.3)
0 00 01
0 0000

As a result in this scenario, the information states of the five models are depicted in below
figure.
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Tracking time-varying reference state

Information state,&

Figure C.2 Information state of followers to track reference state

Where the information states of the followers are represented by dotted lines and the reference
state is drawn by a solid lin&igureC.2 shows that the followers located iififdrent points at
the first tend to rendezvous asymptotically.
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Appendix D

Detail descriptions of the behaviours for the fleet in intervi A

FigureD.1 Coordirated paths and relative deviations in interval A

FigureD.2 Coordinated paths and relative deviations in inte®al
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