A lateral line sensor based mechanistic
algorithm for emergent fish schooling

behaviours in multi-agent swarms

By

VEDANG JOSHI

] P
Romover N>

Department of Engineering Mathematics
UNIVERSITY OF BRISTOL

A dissertation submitted to the University of Bristol in accordance
with the requirements of the degree of MASTER OF ENGINEERING
in the Faculty of Engineering.

25 APRIL 2022






ABSTRACT

the local environment. The lateral line sensor may be divided into the fluid acceleration-sensitive

canal neuromast and the fluid velocity-sensitive superficial neuromast subsystems. Studies on
the function of the lateral line have revealed the sensor to be crucial for the emergence of fish schools.
However, the exact functional mechanisms governing this behaviour are unknown. Emulating such a
sensory mechanism, coupled with an appropriate control mechanism, could aid the navigation of swarms
of autonomous undersea vehicles, as they traverse the murky waters in the depths of the oceans. The
vortices generated in the wake of the swimming fish are termed Karman vortex streets (KVSs). We
hypothesise that the fish are able to detect these KVSs by searching for the lowest pressure positions in
their neighbourhood, based off the canal neuromast input, and navigate towards other fish. We further
hypothesise that this behaviour leads to the emergence of a school of fish. The objectives of this study
are twofold: we create a fluid environment, permitting free movement of agents within this region; we
simulate a 2D fluid environment with the Reynolds number, Re = 100. The fish are modelled as circles.
We observed the formation of the KVS behind the lead fish. We further propose a novel KD-Tree based
control algorithm to allow the emergence of a formation of three fish in the domain. We tested the proposed
algorithm based on a robustness to initial positions metric. We found that the Euclidean distances between
the three fish converge to = 0.2 m when the initial positions of the fish are near to the front of the domain.
This proposed algorithm has the potential to inform future work in decentralised control mechanisms for
autonomous undersea vehicles.

F ish use a specialist sensory system, known as the lateral line, to extract hydrodynamic data from
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CHAPTER

INTRODUCTION

ish comprise half of all extant vertebrate species on the planet [45]. Extensive research indicates

most fish, along with some other aquatic animals, possess the ability to extract and interpret local

hydrodynamic data through the lateral line sensor (see Figure 1.1). This sensory organ is capable
of distinguishing between laminar and turbulent flow, so some species of fish have evolved to rely solely
on the lateral line for navigation [31]. The lateral line consists of a series of hair-like cells covered by a
cupula, which forms the neuromast structure. There are two different types of neuromasts: superficial
neuromasts (SNs) and canal neuromasts (CNs). SNs are located on the skin of the fish while CNs are
situated in hollow canals underneath the skin [13]. Kroese and Schellart [33] show that SNs are sensitive
to external flow velocity variations while CNs detect external flow accelerations, which are influenced by
local external pressure variations. This implies that SNs collect information on local external velocity
profiles and CNs collect information on local pressure gradients. The lateral line system is imperative to
help detect prey [14], communicate with other neighbouring fish [8], aid in rheotaxis (self-orientation in

the direction of fluid flow) [2] and influence shoaling behaviours in fish [55].

1.1 Background

Shoals refer to any group of fish that remain together for social reasons, while ‘schools’ refer specifically to a
synchronised group of fish demonstrating polarised swimming behaviour [54]. Individuals in a shoal suffer
a minimised risk of predator capture through synchronised anti-predatory mechanisms including predator
detection [41], predator evasion [27] and confusion [49]. Recent evidence indicates that all individuals also
save energy regardless of their positions in the shoal [23]. Indeed, fish have been shown to slalom between
experimentally generated vortices in water to decrease muscle activity leading to a decreased cost of
locomotion [40]. Shoaling also has foraging benefits where the task of gathering food is distributed across
individuals [42]. These shoaling behaviours display scalability, robustness and distributed self-organised
principles. Note here, that there is no centralised control mechanism for these behaviours and that they

have emerged out of simple interactions between neighbouring fish in a shoal. Research into this area has
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FIGURE 1.1. The fish lateral line sensor. (a) The distribution of superficial neuromasts (SNs)

(black dots) and canal neuromasts (CNs) (red dots) across the fish body. (b) Diagram

showing the SNs along with the cupula covering

(c) The anatomical description of the

neuromast with the mantle and the supporting cells covered by the cupula. (d) Diagram
showing the CNs connected to the local environment through pores on the canal surface.

Figure reproduced with kind permission from the Institute of Physics, UK [32].



1.2. MOTIVATION

given rise to the field of swarm intelligence.

A review in swarm intelligence defined swarm robotics as the study of how to coordinate large groups
of simple robots through the use of local rules, without any centralised control mechanism [48]. Swarm
robotics takes inspiration from behaviours of societies of organisms that perform complex tasks well
beyond the capabilities of a single organism. A recent study was influenced by bees and slime mould to
form an integrated underwater swarm robotic exploration system [69]. Another study took inspiration from
frog-call anti-phase synchronisation to allocate communication time slots in robot swarms [66]. Applying
shoaling behaviour benefits to swarms of underwater robots has been difficult so far as a result of the
computational expense of visual navigation in a salt water medium, which also obstructs radio waves for
communication [51]. A lateral line based control system driving the shoaling behaviours in robot swarms
could resolve this problem. Currently, there are no swarm robotics studies that primarily use the lateral
line as a sensor input to control robot swarms. We believe this could be effected by first simulating a
realistic fluid environment and creating a control algorithm using the input to the lateral line based off
the vortices produced in the wake of individual fish in a shoal.

Vortices in fluids result from discrete areas of turbulence in the flow and cause local system pertur-
bations, and are important to examine for long term fluid behaviour. A well-researched problem is the
categorisation of vortices formed behind a cylinder in a uni-directional flow [73]. A well-known quantity
in fluid mechanics to predict flow patterns in various fluid flow situations is the dimensionless Reynolds

number (Re) defined as,
(1.1) Re=——"—,

where p is the density of the fluid, Uy, ¢qn is the mean velocity in the environment, L is the characteristic
length of the flow configuration and y is the dynamic viscosity of the fluid. Vortices are shed periodically
on alternating sides of the cylinder, when situated in a flow with 50 < Re < 3-10% [63]. At low Re the
wake is laminar while it is turbulent for higher Re [50]. This periodic alternating vortex shedding in
turbulent flows is called a Karman vortex street (KVS). See Figure 1.2 for a graphical representation of
the KVS. Reverse KVSs (KVSs with the direction of the vortices reversed) are also observed in the wake of
swimming fish [75]. We hypothesise that the fish use these KVSs as a distinctive marker to allow fish to
shoal together.

1.2 Motivation

This study aims to extend current work by Farrel Zulkarnaen, Elliott Scott and Sabine Hauert at the
Hauert Lab, Bristol Robotics Laboratory. Scott developed an artificial lateral line sensor based on CNs
which could be used in simple, low-cost robots for shoaling. Zulkarnaen further demonstrated that a single
agent is able to navigate the flow using only pressure data obtained theoretically from the CN based lateral
line sensor. Zulkarnaen trained a neural network on pressure data obtained from randomly generated
points behind a cylinder in a fluid flow to predict a bearing for the fish in the flow. The pressure data
was obtained from a pre-run simulation of a cylinder in a fluid created by Scott. This neural network is
effectively a ‘black-box’ model, i.e. there is a lack of access to the inner workings and parameters of the
model. To further this work, it is essential to create a simulation environment to allow a control algorithm

to function in simulated ‘real time’. In this context, we use ‘real time’ to refer to the simulation executing
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FIGURE 1.2. Formation of vortices behind a cylinder with Re = 105. (a) The influence of the
adverse pressure gradients forms two free shear layers creating a region with two attached
vortices behind the cylinder forming a steady wake. (b) The flow experiences primary wake
instability inducing an unsteady wake with periodically alternating vortices. This forms
the KVS. Figure reproduced from [56].

at the same rate as the ‘wall clock’ time. This thesis aims to create such a fluid simulation environment in
which to investigate our hypothesis and allow for minimalistic fluid-structure interaction properties. Our
secondary aim is to develop a mechanistic understanding of how the lateral line system influences a swarm
of fish to make certain navigational decisions. This is achieved by taking local pressure data around the
fish as an input to an in-house developed control algorithm, and output a direction vector to help navigate
the fish, through the KVS, towards the lead fish. We hypothesise that control algorithms developed with
the KVS characteristic inputs will show the emergence of shoaling behaviour in the modelled fish. The code
for the environment and algorithm developed in this thesis is available at the project GitHub repository:

https://github.com/vedang-joshi/University_of_Bristol_masters_dissertation

1.3 Thesis outline

This thesis shall be divided into six chapters. Chapter 1 is dedicated to introducing the problem. Chapter 2
reviews the experimental evidence for the necessity of the lateral line sensor. We discuss how the lateral
line input may help fish identify KVSs. We also briefly discuss how this categorisation influences the fish
to make certain decisions to position themselves in a formation around a lead fish. Chapter 3 details the
creation of the simulation environment backed by the necessary mathematical theory with a description of
the Navier-Stokes equations. We describe the different boundary conditions imposed on a domain, the weak
formulation of Navier-Stokes equations and introduce the finite element method to discretise the domain.
We show how minimalistic fluid-structure interaction can be achieved by the Arbitrary-Lagrange method.
Chapter 4 describes the novel control algorithm proposed to demonstrate the emergence of schooling
behaviours in swarms. Chapter 5 is dedicated to discussing the results obtained as well as limitations of
the simulation environment and the proposed control algorithm. Chapter 6 concludes our findings and

mentions several ways the current research may be extended.


https://github.com/vedang-joshi/University_of_Bristol_masters_dissertation

CHAPTER

RELATED WORKS

he goal of this chapter is to present the experimental evidence for our main claim: the lateral
line is crucial for accurate shoaling behaviour in fish schools. We discuss the extent to which
the lateral line can detect the presence of KVSs. Once the KVSs have been detected in the local
environment, it is essential to navigate through this KVS. For a comprehensive discussion about the fish
navigating through the environment, we formally define the fish swimming and interacting with the local
environment, as a multi-agent system. We review the literature surrounding these areas. Finally, we
mention the current work conducted by Scott and Zulkarnaen in lateral line input sensing and navigational

control using pressure data.

2.1 Lateral line is essential for accurate schooling behaviour

It has long been determined that the lateral line system plays a vital role in schooling behaviour in fish.
A study on saithe demonstrated that blindfolding fish had little effect on the position these fish took up
with respect to their neighbours within a school. In contrast, the lateralis section resulted in a greater
increase in the frequency of neighbours at 90° bearings to each other [55]. The authors report a significant
quantitative difference between reaction times and schooling behaviour within the school of fish. These
bearing measurements play a vital role in the accurate emergence of fish schools.

Faucher et al. [21] use a ‘nearest distance to neighbours’ metric to define schooling in their experiment,
which aimed to determine the role of the lateral line for schooling purposes. In this study, the authors
disable the trunk and head lateral line system as compared to the study in [55], where just the trunk
lateral line is disabled. Pre-treatment, the authors report 95-98% of fish swim in the same direction. They
also report that there were no collisions between the fish in the shoal. They report a small stable shoaling
radius (= 15 cm) indicating consistent robust shoaling behaviour. Post treatment, the authors report a 25%
expansion in the shoal radius. They report only 63% of the fish swim in the same direction. The authors
also observed higher collision rates between fish. The study is the seminal paper in demonstrating the

crucial role of the entire lateral line system in shoaling behaviour in fish.
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CHAPTER 2. RELATED WORKS

Mekdara et al. [45] studied how chemical ablation (i.e. chemical suppression) of the lateral line system
affects schooling behaviour in giant danios. They reported that the fish could swim normally, exhibiting
the same schooling behaviour immediately after treatment. However, after 1-2 weeks, the fish began
to show difficulty in schooling. After 4-8 weeks of treatment, when the hair cells regenerated, the fish
exhibited pre-treatment behaviour. The authors suggest that during the recovery process, the neurons
connecting the lateral line system to the brain of the fish may make connections to new hair cells resulting
in completely different inputs to the brain. The brain may take longer to adjust to these new inputs
resulting in a longer recovery time. This definitively suggests that the lateral line system plays a vital role

in fish schooling behaviour.

2.2 Lateral line input can identify KVS characteristics

Ren and Mohseni [60] developed an analytical model to show how the lateral line sensor input is influenced
by the fish passing through a KVS. The authors demonstrate that such a model contains information to
detect important parameters in the KVS, such as the vortex strength, the lateral and flow-wise spacings,
the translational velocity and the orientation of the vortex street. They model the lateral line sensor as a
cylinder, with pores running uniformly along its length. The pressure gradient between adjacent pores
drives the flow in the canals. They suggest that a periodic pressure wave is expected at each pore as the
KVS passes the fish. They note that the pressure gradient created by the KVS results in the input to
the lateral line only containing low-frequency components. They show that the strength of the KVS is a
function of the lateral line canal diameter, the viscosity of fluid in the canal, the characteristic velocity of
fluid in the canal, the horizontal distance between vortices and the dimensionless velocity inside the canal.
They comment that an accelerating fish in a school produces a KVS with an increase in vortex spacing
and strength. They claim that a fish changing its direction will result in an alteration in the velocity
distribution in the lateral line. This study indicates how artificial agents could be taught to detect a KVS.
However, applying these ideas to a ‘real time’ control algorithm may not be feasible, as it requires fish to
have an understanding of the the global vortex dynamics.

Zheng et al. [79] designed a robotic fish completely equipped with an artificial lateral line system
primarily composed of pressure sensor arrays. The authors used it to detect a reverse KVS-like wake in
adjacent robotic fish. The KVS results in hydrodynamic pressure variations in the flow field which the
authors use along with the pressure sensor readings in their analysis. Using these readings, the oscillating
frequency, amplitude, the relative vertical distance and the relative yaw, pitch and roll angles of adjacent
fish can be effectively sensed. This study demonstrated the ability of fish to glean local flow information,
and informs future projects involving close-range interaction and cooperation between underwater swarms
of robots.

A similar experiment was carried out by Wang et al. [74] in which the authors also constructed a
bio-inspired robotic fish. The motion was controlled by a linear Central Pattern Generator, fitted with a
pressure sensor acting as the artificial lateral line system in the fish. The authors analyse the pressure
data from the experiments conducted and extract the vortex intensity from this data to determine the
distance between the pair of robots considered. The authors estimate a quadratic relationship between the
vortex intensity at pressure 0, when the distance between the two fish considered is under 25 cm. The

authors conclude that, at shorter distances between neighbouring fish, there exists a relationship between
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2.3. BIOLOGICAL NAVIGATION IN A KVS INFORMING CONTROL ALGORITHMS

vortex intensity and distance between fish.

These are only two examples out of many studies on bio-inspired robotic fish. Artificial lateral lines
with bionic neuromasts have been extensively studied and have been deployed on bio-inspired swimming
robots [20][78][76]. Lagor et al. [34] describe one such artificial lateral line system capable of autonomous
flow speed estimation and rheotaxis using only flow sensing information. DeVries et al. [17] present
estimation and control strategies allowing a bio-inspired swimming robot to assimilate measurements
from a multi-modal artificial lateral line system, allowing the robot to exhibit rheotaxis and station-holding

behaviour.

2.3 Biological navigation in a KVS informing control algorithms

Liao et al. [40] investigated the movement of fish in a KVS and defined the response of the fish as a
new Karman gait. They report that the fish slalomed between the vortices within the KVS. The tail-beat
frequency of the fish changed to match the vortex shedding frequency, along with a marked increase in the
curvature and amplitude of the fish bodies. The authors found that the fish decrease their muscle activity
to conserve energy through such a Karméan gait, which could influence fish-like robot motions through
KVSs.

Chagnaud et al. [9] conducted experiments on the responses of the lateral line of goldfish in a unidirec-
tional flow of water. The authors computed the flow velocity curves and analysed the frequency spectra
of these curves at positions occupied by the fish during the experiment. They noted a sharp amplitude
spike in the frequency spectra of the flow velocity curves at the vortex shedding frequency, when the fish
navigated through a KVS. They also noted that this increase was more pronounced if the fish intercepted
the edge of a KVS. These results are imperative while constructing control algorithms to determine how
the interception of flow velocities affects fish navigation.

Venturelli et al. [70] conducted experiments with robotic fish with off-the-shelf pressure sensors to
record data. They presented a pressure frequency spectrum analysis where a fast Fourier transform (FFT)
was applied to the recorded pressure data to detect dominant frequencies from the frequency spectrum.
The authors used a three second time window for the FFT analysis. They presented a turbulence intensity
metric computed as the standard deviation of the flow velocity divided by the mean flow velocity at each
point. The authors claim that the metric provided information on turbulent wakes through a spatial
distribution analysis of the turbulence intensity.

Salumie and Kruusmaa [61] conducted a study based on [70] to develop ‘real time’ algorithms for
station holding in the KVS. They constructed a robotic self-propelled fish and recorded pressure data from
the nose and sides of the robot. They applied the FFT to their data with a 30-50 second time window, and
observed peak frequencies in pressure readings at the actuation and the vortex shedding frequencies. The
authors concluded that although KVS characteristics were observed in the pressure input, the long time

window for the FFT renders the two analyses in [70] unsuitable for ‘real time’ robot navigational control.

2.4 Current work in lateral line input sensing and navigation control

Scott [63] designed and developed a prototype of a lateral line sensor primarily focusing on the CN
structure. The sensor was developed as a hollow curved tube, closely resembling a candy cane. The shorter

end of the tube contains an artificial neuromast with a pin-like structure, which deflects in response to
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CHAPTER 2. RELATED WORKS

changing external pressures. The water pressure within the long (canal) side of the ‘candy cane’ remains
neutral, so water is accelerated in or out of the mouth of the sensor (short side) in response to changing
external pressures. The water accelerates inwards for high pressures and outwards for low pressures. This
is low pressure reservoir. Scott used a static cylinder to generate vortices in a simulated fluid flow. He
approximated the solutions to the Navier-Stokes equations (the robust model for fluid flows) using a Semi
Implicit Method for Pressure Linked Equations (SIMPLE) numerical method, the Reynolds-Averaged
Navier Stokes (RANS) solver for steady state approximations of the KVS and the 2 —w transport model for
turbulence computations. The oscillation of the neuromast generated by the changing velocities behind
the cylinder was analysed by Farrel Zulkarnaen.

Zulkarnaen [80] constructed a learning algorithm with a neural network framework using the sensory
readings provided from the simulations by Scott. The neural network framework learnt the non-parametric
mapping between the sensory output signal and the position of the source of the signal, and provided an
estimate of the position of the source of the KVS. Zulkarnaen extracted the sensory signals by randomising
the positions of the sensor uniformly across a defined flow region. By sampling at these locations, he
constructed a time series of the artificial neuromast oscillations. Zulkarnaen simplified the need for
complicated neuromast oscillation simulations by assuming only the horizontal component of the exerted
forces on the neuromast causes oscillation. Scott adjusted the design of the sensor to minimise frictional
resistance in the flow. Thus, only the horizontal component of the flow velocity was considered as the driver
for the oscillatory signal considered in the thesis. A final contribution of the thesis was the development
of a simple controller based off the input from the neural network produced, which navigated a single
agent towards the cylinder under consideration. This method lead to a significant delay as the neural
network had to learn for 200 time units before the controller started navigating in the flow. This method is

therefore unsuitable for ‘real time’ robot navigation.

2.5 Summary

We have highlighted the importance of the lateral line to ensure accurate fish schooling behaviour. We
conducted an extensive literature review on the ability of the lateral line to identify KVS characteristics,
but noted that only the global KVS characteristics may be detected. We recognise that individual agents
may not have access to this data and that these insights cannot be applied to the development of control
algorithms using only the local hydrodynamic data. We refer to the extensive work in the literature on
experimental evidence for biological navigation in a KVS. We note that the current work on robotic fish
navigation in a KVS cannot explain the mechanics of this capability. We refer to a study which shows that,
although the vortex shedding frequency was sensed based off local pressure readings, the data collected
was over a 30-50 second window. This is a significant delay and this approach cannot be used in ‘real time’
navigation. We briefly describe the current work in lateral line input sensing through the development of
a simplistic lateral line sensor [63] and a proposed neural network [80] to navigate a single agent in a
fluid flow. However, this framework can neither be extended to a multi-agent system, nor used for ‘real

time’ navigation.



CHAPTER

SIMULATION ENVIRONMENT

o be able to deploy autonomous undersea vehicles based on fish schooling behaviour, we require

careful modelling of the surrounding environment i.e. a general fluid flow model. Fluids obey

the general laws of mechanics, namely the conservation of momentum and the conservation of
mass. These laws constitute the Navier-Stokes equations. Currently, proving the guaranteed existence
of smooth solutions of the Navier-Stokes equations in d-dimensions is an open problem in mathematics
[22]. The Navier-Stokes problem is well posed in the two-dimensional space, to the extent that if the
initial conditions, boundary conditions and the forcing terms are smooth enough, then the solution along
with its derivatives is continuous [57]. This is not always the case for the Navier-Stokes problem in
three dimensions where the existence of solutions has only been proven for small time intervals [57]. For
simplicity, we constrain all further analysis of the problem to two dimensions. This chapter aims to provide
the necessary mathematical theory behind the Navier-Stokes equations in two dimensions. We derive
the necessary reformulations required to apply numerical frameworks to create a suitable simulation
environment for our multi-agent system. We provide the results of the simulations towards the end of the

chapter.

3.1 Navier-Stokes equations

The Navier-Stokes equations are required to determine the fluid velocity field in a domain. These equations
can be derived by applying the laws of conservation of mass and conservation of momentum using Newton’s
second law to a fluid element. We shall introduce some notation here for use throughout the thesis.
Consider a fluid flowing in a 2-dimensional Euclidean space, Q c R?, with a velocity field w: Q x[0, T] —
R2 and static pressure field p: Q x[0,T]1 — R, where T € 0 < T < co. The domain Q is bounded with a
piece-wise smooth boundary 0Q2. Boundary conditions exist on the boundary, 0Q = 0Q a1 U0Qiniet U0Qoutlet»
where 0Qya11, 0Qinlet, Qoutlet are the boundary conditions on the walls, inlet and outlet respectively. See
Figure 3.1 for a diagrammatic representation of the domain and the boundaries. Under the assumption

that the fluid is Newtonian and incompressible, the general Navier-Stokes equations are as follows,
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OQwall

8Qinlet 0 O outlet

'L

N
0 Qwall

FIGURE 3.1. A schematic illustration of boundary conditions in the domain, 2, under considera-
tion. Figure adapted from [37].

0
(3.1 —u=EV2u—u-Vu—Vp+f,
ot p

(3.2) V-u=0,

where equation 3.1 is the momentum equation and equation 3.2 is the continuity equation. These
equations together are the strong form of the Navier-Stokes equations. Here, u is the dynamic viscosity, p
is the fluid density and f refers to the effect by any external forces. For simplicity, we assume f = 0. Here,

V is the gradient, V- is the divergent operator and V2 is the Laplace operator.

3.2 Boundary conditions

There are several types of boundary conditions which may be imposed for incompressible flows. The
Dirichlet boundary conditions describe the velocity field on the whole or part of the boundary. The general

Dirichlet boundary condition is given as,

(3.3) u=g,
where g is a given velocity profile on the boundary.

3.2.1 Wall boundary condition

For the wall boundary, 0Qa11, we impose the following Dirichlet boundary condition,

10
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(3.4) u(x,y,t)=0,

which is a special case of the general Dirichlet boundary condition known as the no-slip boundary condition.

3.2.2 Inlet boundary condition

For the inlet boundary, 0Q;n1et, we impose the following Dirichlet boundary condition,

(3.5) u(x,y,t)=gx,y,0),

with a velocity profile, g(x, y,t), specified

3.2.3 Outlet boundary condition

In numerical simulations, the natural boundary condition is often imposed. The Cauchy stress tensor
is defined as o(u,p) = (—%Vu + pl) where [ is the identity matrix. This represents the internal forces in
the flow. Let n be the unit vector normal to the boundary. For the outlet boundary, 0Qgyt1et, we impose
the boundary condition where the normal stress, which equals the Cauchy stress tensor, vanishes at the

boundary,

(3.6) o(u,p) -n=0,

The simulation model presented in the thesis will assume that the flow computations continue into an
‘imaginary channel’ at the outlet, where the derivative of the velocity in the direction of the channel is

zero. This boundary condition corresponds to a flow at the outlet with no significant changes downstream.

3.3 Numerical algorithms for the Navier-Stokes equations

It is important to understand the nature of partial differential equations (PDEs) to be able to have a
comprehensive discussion about constructing numerical frameworks for PDEs. PDEs can be broadly
categorised as elliptic, hyperbolic and parabolic. The Navier-Stokes equations may be categorised as
a parabolic-hyperbolic PDE problem [4] which is prone to discontinuities in its solutions [30]. These
discontinuities may occur due to small changes in the problem parameters or these solutions may only
exist in some part of the domain or in time. To obtain a stable numerical framework, it is essential to
obtain a ‘well-posed’ problem, where the term ‘well-posed’ refers to the guaranteed continuous existence of
a unique solution for the PDE problem.

Rempfer [59] remarks that the pressure term (on the right hand side of equation 3.1) appears as a
Lagrange multiplier to ensure that the velocity field remains incompressible at all times, thus satisfying
equation 3.2. The interaction between the momentum and continuity equations causes a saddle-point
stability problem. This saddle-point problem, due to the non-linearity in the pressure term, necessitates

the development of an alternative set of PDEs to be solved.
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The complex nature of the Navier-Stokes problem requires an approximation of the solutions on the
domain. The finite element method is a powerful computational technique to break down complex domain
geometries into simpler sub-domains. This method (particular to the Navier-Stokes problem) may be

categorised by three features:

1. The domain may be represented by a collection of sub-domains called finite elements. The collection

of finite elements is called a finite element mesh.

2. Over each finite element, the problem is approximated by functions (polynomials etc.), and algebraic
equations may be developed at selective points on the finite elements. This is known as a finite
element model. One procedure for obtaining such a set of finite elements is the weak formulation of
the PDE problem, which is then solved by approximating the PDE problem as a system of linear

equations.

3. The finite element model is then solved by obtaining an explicit equation for the pressure by breaking
the coupling between the velocity and pressure in equations 3.1 and 3.2. One of the oldest ‘splitting’
methods proposed includes the one by Chorin [12] and Temam [67], known as Chorin’s method. We
shall consider a modified version of Chorin’s method, called the incremental pressure correction
scheme (IPCS), in our simulations as it provides improved accuracy at slightly extra computational
cost [26].

The rest of the section will focus on an introduction to finite elements, the weak formulation of the
Navier-Stokes problem, a description of the IPCS and a derivation of the weak formulation of the IPCS.
We shall explore briefly the approximation of the Navier-Stokes problem using iterative methods for linear

systems.

3.3.1 Introduction to finite elements

We can describe Q using a set of vertices. We can produce a set of nodes in Q2 depending on these vertices.
We define triplets of these nodes to be finite elements with the condition that these elements may only
exist between nearby nodes, thereby creating small, closed shapes on the domain. The finite elements
are connected to each other through these nodes. This discretisation of space across the domain creates a
finite element mesh. The finite element method states that the solution on the continuous domain may be
approximated by the solutions obtained on these discretised finite elements [10]. There are many types of
elements spanning a wide range of spatial dimensions. There are some element types that permit ‘mid-side’
nodes i.e. elements with nodes positioned midway between the vertices. These mid-side nodes are found in
finite elements in higher order geometries. Some commonly used finite elements for 2D and 3D geometries
are shown in Figure 3.2. We use a triangular finite element in our implementation of the finite element

mesh (see Figure 3.3).

3.3.2 Weak formulation of the general Navier-Stokes equations

We restate the strong form (equations 3.1 and 3.2) of the Navier-Stokes equations in an integral form. This
is known as the weak form of the Navier-Stokes equations. The idea is to frame the strong Navier-Stokes

equations in such a way that the solution to the weak formulation is sought in a trial space, for which
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N
N, -

(a) (b) (d)

(e)

FIGURE 3.2. Commonly used finite element types. a) Line element (2D). b) Triangular element
(2D). c¢) Quadrilateral element (2D). d) Tetrahedron element (3D). e) Hexahedron element

(3D). Figure reproduced from [58].

Finite element mesh with a 64 element resolution

©
H
1

Y position in
domain, Q (m)
o
N

©
o
1

0.0 0.5 1.0 1.5 2.0
X position in domain, Q (m)

FIGURE 3.3. An illustration of a mesh constructed on a domain Q, with two circular objects
initialised at (0.2, 0.2) and (1.5, 0.3). The mesh resolution is 64 triangular elements.

the reformulation is satisfied for all functions of a test space. For the sake of completeness, we derive

the reformulation of the equations 3.1 and 3.2. The presentation of this section mostly follows [57]. We

multiply equation 3.1 by a test function, v € V, where V is a suitable space, and integrate by parts over

the domain, Q. Rearranging the terms slightly,

a—u-vdx—f Evzu-vdx+/[u-(Vu)]-vdx
Qp Q

Q Ot
+pr-vdx=ff-vdx,
Q Q

We apply an integration by parts to the second and fourth terms in equation 3.7 to yield,

3.7

0
(3.8) —f Evzu-vdxszVu-Vvdx—/ E—u-vds,
Qp Qp QP on
(3.9) pr-vdx=—/pV-vdx+/ pv-nds,
Q Q 0Q

Substituting the right hand side of equations 3.8 and 3.9 in equation 3.7 and collecting terms, we

obtain,
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fa—u~vdx+fEVu-Vvdx+f[u-(Vu)]-vdx—fpV-vdx
Q ot Qp Q

f (———pn) vds—ff-vdx,
Q0 p On

We conduct a similar procedure on equation 3.2, where we multiply the equation by a test function,

(3.10)

q €@, where @ is a suitable space, and integrate over the domain, Q. We get,

(3.11) qu-udsz.
Q

Equations 3.10 and 3.11 together describe the weak formulation of the general Navier-Stokes equations.
This weak problem is a continuous problem with the solutions u and p existing in an infinite dimensional
space. These infinite dimensional spaces are replaced by finite dimensional function spaces V and @
consisting of continuous piece-wise linear functions [36]. The function spaces are chosen in such a way
that the test functions disappear on the boundary when Dirichlet boundary conditions are imposed on Q.
The function spaces V and @ are known as Hilbert spaces. It is beyond the scope of this thesis to provide
a mathematically rigorous introduction to Hilbert spaces, and it is sufficient to understand that we can
impose certain trial and test functions, which test the approximation of the solution of the PDE problem
on suitable vector and scalar spaces. The main idea of the reformulation step is to consider an averaged
version of the equation satisfied on Q) instead of the equation being satisfied continuously on Q. We shall,
however, clarify the idea of a ‘suitable’ space here.

As discussed earlier, the construction of any numerical framework entails a well-posed PDE problem,
along with the resolution of the saddle-point problem. The Ladyzhenskaya-Babuska-Brezzi (LBB) theorem
provides criteria for when the discretisation of the saddle-point problem has stable solutions [25]. A
complete proof of the theorem may be found in [25]. This implies the basis vectors on the V and @
Hilbert spaces, defined for the velocity and pressure solutions, cannot be chosen arbitrarily. Choosing
an unstable pair of basis vectors may lead to undesirable oscillations in the pressure solution [35]. To
avoid this problem, there exist many pairs of stable basis vectors satisfying the LBB criteria, including
the well-known Taylor-Hood family of elements. These include a pair of continuous piece-wise quadratic
elements for the velocity and continuous piece-wise linear elements for the pressure. These are the basis

vectors for the velocity and pressure that will be used for the simulations in this thesis.

3.3.3 Incremental Pressure Correction scheme (IPCS)

The IPCS may be broken down into three steps. The pressure gradient is treated explicitly in the one step,
and implicitly corrected in another step. In such a scheme, one step is always reserved for the projection of
a vector field onto a divergence free space [28]. We employ a splitting method by considering equations 3.1
and 3.2 separately. We assume a backward Euler scheme is used for the time integration. We compute a
tentative velocity (@"*1) by advancing equation 3.1 by a midpoint finite difference scheme in time,

an+1 —u"
(3.12) —= %Vzﬁnﬂ_anﬂ_Vﬁn+1_vpz+1+fn+1’

where p"*1 is a guess for p"*! and u” is the previous computed velocity vector. After @"*! is obtained

from equation 3.12 we may represent the difference between the actual pressure and the guessed pressure
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n+1

as 6p"* which is obtained from,

un+1 _ dn+1

3.13 - —_vsp"!
( ) AL P,

Here, the corrected velocity (w”*1) is still unknown, so we use the incompressibility condition (refer to
equation 3.2) applying to the corrected velocity, but not the tentative velocity. By taking the divergence of

equation 3.13, we get the pressure Poisson equation, which gives us §p™*1,

v . l—tn+1
3.14 vZ5pntl = ,
(8.14) P At
Now the pressure correction step is performed.
(3.15) pn+1 — n+1+6pn+1
Finally we perform the velocity correction,
(3.16) wtt =gt Avepttl,

and obtain the corrected velocity.

3.3.4 The weak formulation of the IPCS

To pose a weak problem for the Navier-Stokes solver to be implemented, we require a weak formulation
of the IPCS. This reformulation shall be discussed in this section. We shall combine the general weak
formulation of the Navier-Stokes equations as presented in section 3.3.2 with the general IPCS as discussed
in section 3.3.3. We can accomplish this in three steps as shown below.

Step 1: We shall combine the finite midpoint advanced momentum equation (equation 3.12) with the

weak formulation of the momentum equation (equation 3.10) to obtain,

ﬁn+1_un m
f—-vdx+f —Vu”~Vvdx+f[u”~(Vu”)]-vdx—fp”V'vdx
Q Q Q Q

At p

-n+l_ .n

_f (Hu_pnn).vdssz.vdx’
o p At Q

(3.17)

Step 2: We subtract equation 3.1 expressed in terms of the tentative velocity and guessed pressure,
n+l1

and p"*-,

—n+l n+l

171 and p?*! from equation 3.1 expressed in terms of the corrected velocity and pressure, u

n+1 u aﬁn+1 m
_ _v2un+1 + un+1 . vun+1 + Vpn+1 _ f _ + —V2l_l,n+1 _ l—‘n+1 . Vﬁ.n+1 _ Vle—l + f =0,

3.18
( ) ot o ot o

which reduces to,

(3.19) _ _Hy2ynt1 g Evzanﬂ oyt o gntloygntl pypntl _ypntl Z g

We resolve the sum of the third and fourth terms in equation 3.19 as follows,
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_ﬁv2un+1 n Evzanu _ _Evz[un+1 — gt

P P
= —EV2[—AtV6p”+1] from equation 3.13
0
(3.20) = EVAt[V%p"“] commutativity of V and V2
0
U .qan+l
= =VA{[ 1 from equation 3.14
p At
=0, from equation 3.2
to obtain,
un+1 _ an+1
(3'21) T + un+1 . vun+1 _ ﬂ'n+1 . van+1 + vpn+1 _ vp1:+1 =0.

As the gradient of a vector is always orthogonal to that vector, and the dot product of two orthogonal

vectors is zero, equation 3.21 reduces to,

un+1 _ ﬁ’”‘l

(3.22) A—t+vp"+1—vpg+1 =0.

Taking the divergence of equation 3.22 and from equations 3.13 and 3.14 we obtain,

V. l_tn+1

(3.23) A

+ V2pn+1 _ v2p;z+l —0.

Rearranging the terms in equation 3.23, we may write down the weak formulation of the pressure

correction step as follows,

1
(3.24) f vp"tl.Vgdx =f vp"tl.Vgdx+ —f V-a"™l.gdx,
Q Q At Ja
Step 3: A simple rearrangement of equation 3.22 gives the weak formulation of the velocity correction
step,
(3.25) f u"vdx :f a'”l-vdx—Atf Vip"*! - p"*1-vdx,
Q Q Q

Equations 3.17, 3.24 and 3.25 give the weak formulation of the IPCS. We may now solve the Navier-

Stokes system of equations through a sequence of three linearised weak problems.

3.3.5 Linearisation of PDEs using finite element methods

The linearisation of the weak formulation of the IPCS for the Navier-Stokes system yields a system of

equations of the form,

(3.26) Ax=0b,



3.4. THE ARBITRARY LAGRANGIAN-EULERIAN (ALE) FINITE ELEMENT METHOD FOR
FLUID-STRUCTURE INTERACTIONS

where A € R®*" is the coefficient matrix of the system x and x,b € R”. Assuming the matrix A is invertible,

we may easily write the solutions of the linear system as,
(3.27) x=A"'b,

This is generally not the case in the Navier-Stokes problem, as matrix A is sparse with O(n) non-zero
entries, while A~! has O(n?) non-zero entries [7]. Therefore, the conventional methods to compute the
inverse of matrix A, such as Gaussian elimination, are extremely inefficient on such systems (they require
O(n?) operations). We require an iterative method by guessing the solution xp, and computing a sequence
of k& guesses (x1) until the solution converges at x. A well-studied iterative solver for this problem includes
the Biconjugate Gradient Stabilised (BiCGStab) algorithm [65], which will be initially used for the three
linear problems derived. This particular configuration may lead to a failure of convergence of the solution
of a non-symmetric system linear system. A popular choice for non-symmetric systems is the Generalized
Minimal Residual (GMRES) method, alongside the Incomplete LU factorisation (ILU) preconditioner. The
ILU preconditioner has been shown to perform well for a broad range of test problems including turbulent
flows using the Navier—Stokes equations discretized on stretched meshes [53]. This is a close description
of the system under consideration and we may make use of this configuration in the case that the earlier
considered configuration fails. We have thus introduced a family of solver-preconditioner configurations to
solve the assembled linear system of equations.

So far, we have discussed the mathematical requirements to create an environment where we may
only model stationary objects surrounded by a constant fluid flow. For a dynamic system, where the objects
are permitted to move freely through the domain, we require a method to describe the fluid-structure
interactions. The next section briefly introduces the Arbitrary Lagrangian-Eulerian method to allow

objects to move in a meshed space.

3.4 The Arbitrary Lagrangian-Eulerian (ALE) finite element method for

fluid-structure interactions

We have succeeded in creating a theoretical framework for our simulations, which will include generating
a mesh to initialise three fish at certain positions in Q. To simulate a fluid environment allowing fish to
interact with each other, requires a minimalistic implementation of the fluid-structure interactions. To
this end, we require an appropriate kinematical description of the fluid flow that allows distortions in
Q. As we have approximated the domain as a finite element mesh, this choice effectively determines the
relationship between the distorting domain and the equivalent deformation of the enmeshed space. Two

classical descriptions of motion in continuum mechanics include the Lagrangian and Eulerian descriptions.

1. Lagrangian algorithms: These algorithms allow a powerful mapping between individual nodes on a
mesh with the associated moving particle in the domain. However, these algorithms cannot handle

large deformations in the mesh without resorting to frequent re-meshing techniques.

2. Eulerian algorithms: Here, the finite element mesh is fixed and the domain moves with respect to
this mesh. The advantages include the ability of such methods to handle large distortions, but at the

cost of lower resolution of the fluid flow features.
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One technique that, to some extent, succeeds in combining the best features of both kinematical
descriptions of motion is the Arbitrary Lagrangian-Eulerian method (ALE). The technique allows larger
freedom in moving the mesh: greater distortions are managed due to the Eulerian description with greater
resolution due to the Lagrangian description [18]. Meshes with larger resolutions require the mesh to
be smoothed after the ALE method is applied. There is a trade off between the number of times a mesh
is smoothed over after the ALE application and the computational expense. We found that the mesh
when smoothed over 1000 times for each application of the ALE method was a reasonable computational
overhead for our application.

Although the ALE method provides an improved ability for distortions within the mesh, the distortion
limit is still inadequate for the nature of the simulation being created. A complete distortion of the mesh is
observed when a fish is moved 0.13 m (see Figure 3.4) calculated from the centre of the fish. To resolve this
issue, we require a process, known as re-meshing, where a completely new mesh is generated, with the
updated fish coordinates and the function spaces interpolated from the old mesh to the new one. In this
context, we define an interpolation space as an intermediate space between two Hilbert spaces. The two
Hilbert spaces are continuously embedded in a particular topological vector space, such that a mapping

exists between the two spaces and the family of intermediate spaces [3].

Deformation of the finite element mesh with displacementd = 0.13 m
€ 0.4 o

Y position in
domain, Q (m
o
N

0.0 0.5 1.0 1.5 2.0
X position in domain, Q (m)

FIGURE 3.4. An illustration of the deformation of the mesh constructed on a domain Q. Two
fish are initialised at (0.2, 0.2) and (1.5, 0.3), with the latter fish displaced 0.13 m in the
negative x-direction, creating a deformation in the mesh. The mesh resolution has been
set to 64 triangular elements.

We generate a new mesh after the fish has moved 0.05 m, and use the fenicstools [46] library to
interpolate between non matching meshes. This is achieved by projecting the solution functions for the
pressure and velocity on the previous distorted mesh to new pressure and velocity solution spaces on the

non-deformed mesh using the interpolation function in [46].

3.5 The environment setup

We present the fluid simulation environment programmed in the Python language (version 3.7.6). We
use the FEniCS (version 2019.1.0) [1] platform to set up the Navier-Stokes problem. The DOLFIN [1]

library implements the meshes, function spaces and finite element assembly. The in-built Unified Form
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Language in FEniCS allows us to express the finite element weak formulation of the IPCS using notation
similar to the mathematical notation used in this chapter. The three linear weak problems (as defined in
section 3.3.4) are solved using the BoomerAMG [77] preconditioner and the biconjugate gradient stabilized
method. All preconditioners and solver methods applied are available as functions in the FEniCS suite.
All simulations were executed on a Lenovo nx360 m5 compute node, with a 2.4 GHz Intel E5-2680 v4 CPU,
as part of the BlueCrystal Phase 4 compute cluster at the University of Bristol, UK.

One of the simplest models of animal motion was presented by Vicsek [71], where animals are described
as point particles with constant speed, and whose direction is updated at discrete time increments. Our fish
model deviates from this proposed description by describing the fish as circles in 2D, naturally extending
to cylinders in 3D. All fish are set to have a radius, r = 0.05 m. This means that the fish is 10 ¢m long.
Denil [15] has reported the speed of a 35 cm long trout (Salmo fario) to be 3.5 ms™!. This translates to
speeds of 10 body lengths per second. As trouts are known to shoal in the oceans, we use the trout as a
model to set the fish speeds in our environment. We set the constant speed of the fish to be 1 ms™1. We
allow the fish to move in any direction in the domain with the obvious domain boundary constraints.

We take inspiration from the benchmark study on computations of a flow around a cylinder [62],
and add two extra circles (modelled fish) initialised further along in the domain, in the x-direction. We
construct a domain, Q =[0,2.2] x [0,0.41] (m?2), with two fish initialised at random positions, with the lead
fish holding its station at (0.2,0.2) - refer to Figure 3.5, for a template of the geometry. We assume the
fluid density, p = 1 kgm 2, and the dynamic viscosity, y = 0.001 Nsm~2. We set the effect of the external
forces, f =0 N. On the walls, we impose the no-slip Dirichlet boundary condition, 0Q a1l =0. On the outlet,
we impose the natural boundary condition, 0Qgytiet|u=0. On the inlet boundary, we impose the Dirichlet

boundary condition, 0Qiyetlu=g Where g is the parabolic inflow profile,

4Uy(0.41-y)

(3.28) £20.9)=(—> "3

70)’

where U = 1.5 ms™! is the maximum velocity. We consider a time-step of 0.001 s, with the total number of
time steps as 5000, for our simulations.

With the maximum velocity U = 1.5, the mean velocity is, U eqn = % -U = 1. The characteristic length
of the flow configuration, L =2-r =2-0.05=0.1. We may then calculate the Reynolds number (Re) of the

flow,

1-1-0.1

2 =
(3.29) Re 0.001

=100.

We generate the mesh corresponding to the geometric representation as shown in Figure 3.5 and declare
the velocity inflow profile. We define the trial and test functions, then use these to define the weak
reformulation, as presented in section 3.3.4. We write a timestepping loop for each small increment in
time to compute the velocity and pressure solutions on the Hilbert spaces, as defined earlier. Within the
timestepping loop, we use the in-built weak reformulation assembly function in DOLFIN to assemble the
matrices for the three linear weak problems. We only assemble the right hand side vectors and apply the
boundary conditions. We use FEniCS’ solve function, with the BiCGStab algorithm as the argument to
the function to obtain the velocity vectors and pressure solutions. We save these pressure and velocity

values as CSV files to be processed before the data is used as input to a navigational control algorithm. We
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FIGURE 3.5. The geometric set-up of the simulation environment. The lead fish is initialised at
(0.2, 0.2) with the following fish initialised at random positions in the domain. All values

are in metres.

v

catch any collisions between the lead fish and the following fish, or collisions between the following fish by

setting future displacement values to zero when the Euclidean distance is below 0.2 m.

3.6 Results

Pressure in domain, Q at time, t = 1.450 (s)

Y position in
domain, Q (m)

10.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

X position in domain, Q (m)

-0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
Pressure Scale (Pa)

FIGURE 3.6. The pressure plot at time ¢ = 1.45 s. The KVS is formed in the domain Q, with
three stationary circular fish. The lead fish is positioned at (0.2, 0.2).

During the initialisation of the simulation environment, we first notice two symmetrical vortices
being formed immediately behind the fish on each side of the wake. With gradual increases in time,
these structures progressively elongate downstream, quickly at first and slowly thereafter, creating a
re-circulation region. Qualitatively, this phenomenon is in good agreement with past experimental studies
[16]. We observe a steady pattern approximately starting from ¢ = 200 time steps. This steady pattern
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lasts till # = 1230 when the first separation occurs. It is interesting to observe that this separation is not
absolute and, within a few time steps, the separation is absorbed back into the steady wake. At ¢ = 1280,
the re-circulation region is completely destabilised and the alternating vortices are formed. We notice
that the KVSs are generated without any external perturbations after a long period of simulated time,
wherein the wake remains steady. A flow with such a Reynolds number exhibits a periodic KVS shedding
as observed at time, ¢ = 1.45 s in Figure 3.6. We also observe the alternating vortices being generated
behind the following fish. For each time step, we generate the velocity and pressure values across the
domain and record this data in individual CSV files. The files are further used as input to our control
algorithm. All data generated must be processed before use. We discuss the pre-processing step in brief in

the next section.

3.6.1 Pre-processing the pressure data

We include the velocity CSV files as a multi-dimensional dataset, available from the project repository
for applications in future work. For this thesis, however, we constrain our analysis to the pressure data
obtained through our simulation framework. To be able to conduct any meaningful analysis on the data,
we load the dataset D € R**™ from each individual CSV files to a Pandas [44] dataframe. Each timestep
generates a dataset D with n = 2404 rows and m = 3 columns. The columns refer to the x, y coordinates

and the corresponding pressure values.

3.7 Summary

We have successfully simulated our fluid environment with a comprehensive discussion on the mathemat-
ical formulations required for the the linearisation of the Navier-Stokes problem. We demonstrate the
formulation of vortices in the domain and compare the results qualitatively to previous numerical studies
for validation. The next chapter focuses on the in-house control algorithm we designed for multiple agents

in the simulated environment.
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CHAPTER

CONTROL ALGORITHMS FOR MULTI-AGENT SYSTEMS

he goal of this chapter is to present a new navigational control algorithm developed for the fish in
our environment. The aim is to write a set of rules allowing the fish to interact with the simulated
environment and make decisions based off the local pressure inputs. We inspect Figure 3.6 closely
to find that the individual vortices formed in the KVS have a higher vortex strength closer to the source
and get weaker further away from the source. We find that the individual vortices correspond to local
low pressure systems, where the centre of the vortex has the lowest pressure in the local system, with
the pressure incrementally increasing outward. We aim to construct algorithms where the following fish
navigate towards the centre of these local low pressure systems on each iteration, and gradually navigate

themselves towards the lead fish.

4.1 A KD-Tree based lowest pressure point search algorithm

We allow the Navier-Stokes system to be simulated for the first 1450 time steps to initialise the simulation
environment and generate the KVSs. The control shall be applied only after these first 1450 time steps.
We obtain the pressure data for all points in the domain and save the data for each time step to a CSV file,
as detailed in the pre-processing step earlier. Here, we require an efficient algorithm to obtain a sample
of points closest to the following fish to use as input to the theoretical lateral line sensor. This is closely
related to the well-studied Z-nearest neighbours problem, encountered in many machine learning domains
such as classification and regression.

One such algorithm proposed for the k-nearest neighbours problem is the KD-Tree algorithm [43],
which we implement through the SciPy [72] library. The algorithm creates a query point tree, which lists
the nearest points given a specific set of coordinates, within a given maximum distance to the coordinates.
Using this query point tree, we inspect the locus of points within 0.06 m of the centre of the following fish
for the nearest coordinates with the lowest pressure. As the radius of the fish is set to 0.05 m, setting
the maximum distance to search for the nearest neighbours to 0.06 m restricts the fish to only receive

inputs in the local environment. This is realistic to the extent that fish in nature do not have access to
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FIGURE 4.1. The cKD-Tree algorithm implemented for the front half of the fish. The area
shaded in black forms the region of pressure points serving as input to the fish. All values
are in metres.

Algorithm 1 An algorithm to check if a fish is in the domain
Input: Dataframe of pressure values in the neighbourhood of the following fish, current fish position
Output: boolean check_fish_in_domain
Initialise check_fish_in_domain == False
while check_fish_in_domain is False do
Locate min pressure in dataframe and set the fish destination to the x and y coordinates corresponding
to the minimum pressure
fish_destination_position = [min_pressure_xcoord, min_pressure_ycoord]
vector_translation = fish_destination_position - current_fish_position
Need to check if new fish position still inside domain. If yes, proceed, if no, need to choose next minimum.
Check if circle fully intersects rectangle i.e. check whether circle still in domain.
Compute area_of_intersection
If area of intersection # area of circle then some part of circle exists outside domain
check_fish_in_domain = boolean(area_of_intersection == (7 -radius_of_f ish?)

end
return boolean check_fish_in_domain

global hydrodynamic data and their decision making process is also based off local inputs. When the fish
detects the nearest point with the lowest pressure in its neighbourhood, it computes the vector bearing
towards this point. We implement an in-house algorithm here to check whether the fish would still be in
the domain if it moved to this new position (see Algorithm 1). If the fish is still inside the domain at this
new position on each time step, the fish moves 0.001 m towards this point (constant speed of 1m -s~1) until
it has reached the new position. If this condition is not satisfied, the algorithm keeps searching for the
next lowest pressure position within the domain. We assume that the fish does not wait to reach the new
position before triggering the control algorithm. A new KD-Tree is calculated based on the new position
and the entire process is repeated. In this work, the KD-tree based policy solely controls the two following
fish, where the lead fish remains stationary. In an accelerating frame of reference, we could view these
dynamics as the following fish accelerating towards the lead fish, while the lead fish maintains a constant

velocity.

In order to evaluate the robustness of the proposed algorithm, we rely on the robustness with respect to
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initial conditions metric. We analyse whether the fish takes finite time to station itself within a Euclidean
distance of 0.2 m of the lead fish. We randomise the positions of each fish for every simulation run. Due to
time and computational expense constraints, we simulate the system and show results from 3 randomly

picked runs to demonstrate the robustness of our algorithm with changing initial conditions.
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FIGURE 4.2. A flowchart of the integration of the simulation environment and the control
algorithm applied to the following fish in the domain.

4.2 Initial testing and bug fixes

We tested the algorithm on set initial fish coordinates to determine the extent of the robustness. We found
four major bugs that were caught and debugged accordingly. There is one major bug that has not yet been
resolved. We present a brief description of all five issues along with the fixes in this section.

Initial tests of this algorithm (tests conducted for the first 50 ms of the simulation) indicated that the
lowest pressure point was behind the following fish, causing the fish to move further and further away
from the lead fish. We require the control algorithm to demonstrate the emergence of shoals in fish and
a close grouping of fish is expected. We propose a simple fix to this problem: restricting the cKD-Tree
algorithm to create a query point tree. Using the coordinates found only in the front half of the fish (see
Figure 4.1 for a graphical representation) - we choose the lowest pressure coordinates from this list. We
observe that each iteration gradually reduces the Euclidean distance between the lead and following fish.

We conducted a test to allow the fish to change their decisions every 0.02 s. We initialised the
simulations till ¢ = 20 timesteps, after which the control algorithm was deployed. We observed that the
BiCGStab-BoomerAMG solver-preconditioner configuration threw errors after 1320 iterations with this
configuration, implying that the solution failed to converge before the fish made a new decision. This was
attributed to the short time between decisions taken. We allow each decision to be completed before a new
decision is taken, allowing extra time for the Navier-Stokes approximated linear system to converge.

Even with this fix, we observe a failure of convergence of the BiCGStab-BoomerAMG solver-preconditioner
configuration after ¢ = 1520 timesteps when the fish are initialised further along in the domain. We traced

the failure of convergence problem to the rounding errors generated during the update of the current
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position of the fish. We rely on the NumPy [29] library for arithmetic operations which leads to an inexact
representation of the true values. When the fish coordinates are updated with these inexact representa-
tions, we observe a truncation error, which we believe is the main cause of convergence failure. We aim to
mitigate these issues by inspecting the vector bearings generated by the control algorithm and perform
the rounding to an appropriate number of decimal places.

The truncation issue was resolved, yet the program fails to converge if the distance between the lead
fish and the initial positions of the following fish are more than 0.4 m. We attribute this to a potential
bug in the implementation of the remeshing, contributing to a solver convergence failure. For shorter
Euclidean distances, our program works sufficiently as demonstrated in section 4.3.

We initially set a ‘hold station’ condition wherein the fish position was not updated when the Euclidean
distance between the lead fish and the following fish was less that 0.2 m. After these fixes, we observed
that the ‘hold station’ condition imposed on the fish did not work and the program crashed when the
following fish got too near and intersected the lead fish. We compute the Euclidean distance between the
lead fish and the first following fish, and, similarly, between the first following fish and the second following
fish. We set a ‘hold station’ condition for the first and second following fish with a threshold value of 0.2 m.
This second condition was devised to end the algorithm as the definition of a formation was attributed to
existence of a constantly maintained distance between each fish. We attributed the errors, obtained in the
implementation of the condition, to the lack of absolute tolerance set on the threshold value. We set the
absolute tolerance to 0.001, so the distance between fish is not exactly 0.2 m which resembles the slight
discrepancies in distances between individuals in actual fish shoals. We have successfully managed to
integrate the control algorithm with the implemented Navier-Stokes solver and we present the complete

working of our implementation in Figure 4.2.

4.3 Results

This section is dedicated to demonstrating the implementation of the algorithm and the observed emergent
schooling behaviour in the three agents considered. Figure 4.3 shows snapshots of the four different
stages in the execution of the simulation with the following fish initialised at (0.6,0.2) and (0.8,0.25).
The uppermost figure shows the state of the system at the start of the simulations at time ¢ = 0.005 s.
The next figure shows a steady wake with the re-circulation zone at time ¢ = 0.3 s behind the lead fish.
Here, the control algorithm has not yet been applied. The third figure from the top shows the beginning of
the formation of the KVS. Note the alternating periodic vortices formed behind the lead fish. These low
pressure pockets will inform the fish navigation once the control algorithm is applied at time ¢ = 1.45 s.
The bottom figure shows the state of the system at time ¢ = 1.684 s, where the three fish have navigated
through the fluid and have come to rest behind the lead fish.

We apply the robustness to initial positions metric to test that the simulation terminates in finite time.
We simulate the system and demonstrate the reduction in the Euclidean distance between the lead and
first following fish. This is also shown for the distances between the first and second following fish (see
Figure 4.4 to see the convergence of the distances to =0.2 m for 3 randomly picked runs). We simulate the
system till # = 1450 time steps which is represented by the flat horizontal line till time ¢ = 1.45 s in Figure
4.4. Right after the control algorithm is applied, we observe a linear decrease between the lead and first
fish, and a rapid decrease between the two following fish. On occasional runs, this is reversed after some

time, with the distance between the following fish increasing sharply before dropping and converging to

25



CHAPTER 4. CONTROL ALGORITHMS FOR MULTI-AGENT SYSTEMS

Pressure in domain, Q at time, t = 0.005 (s)

<E
8%
2c
9V'©
=
>3
1.00 1.25 1.50 1.75 2.00
X position in domain, Q (m)
-1.2 -0.6 0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2
Pressure Scale (Pa)
(a)
Pressure in domain, Q at time, t = 0.300 (s)
5 0.4
£
§¢
g% 0.2
8 €
>3

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
X position in domain, Q (m)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4
Pressure Scale (Pa)

(b)

Pressure in domain, Q at time, t = 0.900 (s)

0.0 _

0.0 .75 1.00 1.25 1.50 1.75
X position in domain, Q (m)

-15 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Pressure Scale (Pa)

o
EN

Y position in
domain, Q (m)
o
N

(c)
Pressure in domain, Q at time, t = 1.684 (s)

Y position in
domain, Q (m)
o
N

©
<)

0.50 0.75 1.00 1.25 1.50 1.75 2.00
X position in domain, Q (m)

o
=)
o
o
IN)
w

Pressure Scale (Pa)

(D

FIGURE 4.3. Snapshots of the system through time with the following fish initialised at (0.6,
0.2) and (0.8, 0.25). a) The initial state of the system at # = 0.005 s. b) The formation of the
steady wake with the re-circulation zone at ¢ = 0.3 s. ¢) The alternating periodic vortices
formed at t = 0.9 s. d) The final state of the system with the emergence of a fish shoal at
t=1.684s.
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FIGURE 4.4. The convergence of the Euclidean distance between the fish to 0.2 m in finite
time. The upper plot shows the reduction in the Euclidean distance between the lead fish
and the first following fish. The lower plot shows the reduction in the Euclidean distance
between the first and second following fish. This convergence is shown for various initial
fish positions.

~0.2 m. We note here that the emergence of the shoals may not take place at the same point in time for
each run. This behaviour is to be expected, as fish schools depend on the initial distance between fish.
The larger the distance between the fish, the longer it takes for the shoal to form. We observe that this
expected behaviour only holds true for the distance reduction between the lead and first following fish.
There appears to be no such correlation between the first and second following fish. We may attribute
this to the no-collision rule applied to the fish, where =~ 0.2 m distance is maintained between the fish at
all times. This rule appears to supersede the control applied to each individual fish in the fluid flow. It is
important to note that the following fish also produce vortices, which may theoretically be detected by

other following fish. This allows our model to be scalable across a large multi-agent system.

4.4 Summary

This chapter demonstrated the construction and implementation of a novel KD-Tree based control al-
gorithm for multi-agents swarms based off local pressure inputs. We show that this algorithm can be
integrated satisfactorily in our fluid environment. We highlight the bugs found during the initial testing of
the algorithm and potential fixes for these issues. We show that the Euclidean distance between the three
fish converges to = 0.2 m in finite time for 3 randomly simulated runs for different initial fish coordinates.
The fact that the following fish still produce vortices after the control algorithm is applied allows the
scalability of our algorithm over a large multi-agent system.
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CHAPTER

DISCUSSION

he contributions of this thesis, especially the work on integrating our simplistic control algorithm
with a ‘real time‘ simulation environment, are intended to be foundational work for future lateral
line sensor based navigation research. This chapter serves as a comprehensive discussion of the
results obtained and addresses the limitations of the simulation environment and the proposed control

algorithm.

5.1 Simulation environment

The construction of an appropriate simulation environment permitted us to formulate a novel control
algorithm allowing individual fish to shoal together. This section summarises the simulation construction
and attempts to justify the various modelling decisions involved. We discuss the results obtained from the

environment construction. We comment on the various limitations of the environment.

5.1.1 Construction of the environment

The environment was setup in a 2D Euclidean space with boundary conditions on the walls, inlet and the
outlet, where the fluid was assumed to be Newtonian and incompressible. This assumption allowed us to
formulate a well-accepted fluid flow model through the Navier-Stokes equations. There are many different
numerical frameworks in the literature which may be applied to approximate the Navier-Stokes problem.
Two of the main techniques are the finite element method and the finite difference method. The finite
element method has some key advantages over the finite difference method. Some of these key advantages
include: the ease of application of irregular geometries to the problem, the construction of non-uniform
meshes (where appropriate), and the suitable application of boundary conditions. With the finite element
method, the structure and its finite element closely resemble one another. The body under consideration in
the fluid flow may have an arbitrary shape, load and support conditions [19]. These factors influenced the
choice of this method for spatial discretisation of the domain, Q.

Within the finite element method, a key modelling decision is the choice of the particular finite element.

Figure 3.2 shows the commonly used 2D and 3D finite element types: the line, triangle, quadrilateral,
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tetrahedron and hexahedron elements. We restrict our choices to the 2D elements, due to the 2D nature
of the domain under consideration. Sevilla et al. [64] conducted a comparative study on different finite
element types and their effects on the solution in a compressible fluid flow. The authors reported that
the linear elements, employed for the mesh on their domain, generated an entropy layer which warped
the solution in the vicinity of the bluff body, situated in the flow. As the computational expense increases
with higher order elements, and there have been reports of the Navier-Stokes approximated solutions
being warped in the neighbourhood of the bluff bodies in the fluid, a triangular finite element was the

ideal choice for the finite element method employed in this thesis.

Then, we rewrote the Navier-Stokes equations into the weak formulation and combined this refor-
mulation with the IPCS. We have already discussed the spatial discretisation techniques applied. We
now discuss the temporal discretisation techniques necessary to formulate our simulation environment.
Two main temporal discretisation techniques are the backward differencing schemes (e.g. backwards
Euler scheme) (BDSs) and the Crank-Nicholson scheme. The BDSs work by approximating all terms in
the momentum equation (equation 3.1) at the & + 1 time-step. The Crank-Nicholson scheme, however,
discretises time by considering the time-step % + % between times £ and £ + 1 . A main advantage of using
the BDSs over the Crank-Nicholson scheme is the unconditional stability of the scheme with respect to
growing or oscillatory solutions. Any At used in the BDSs will lead to unconditionally stable solutions
while only specific upper bounds on the value of At permit stable solutions in the Crank-Nicholson scheme.
This existence of stable solutions, regardless of bounds placed on the value of A¢, influenced the decision
to choose the BDS (the backwards Euler scheme in particular) as the preferred temporal discretisation

technique.

This leads to the temporally discretised set of Navier-Stokes equations. This system could be solved by
setting up a large, single coefficient matrix and solving for the velocity and pressure simultaneously. This
‘coupled’ approach, although known to be robust and stable, suffers from a large demand on computer mem-
ory. This necessitated the development of segregated methods, where the velocity and pressure coupling is
split up and an iterative method is applied. A main family of splitting methods is the incremental and
non-incremental pressure or velocity correction schemes. We chose the incremental pressure correction
scheme, due to its improved accuracy over the other splitting schemes, with the higher computational

expense trade-off.

5.1.2 Simulation environment results

We observed two symmetrical vortices formed behind the lead fish at ¢ = 200 time steps, with the re-
circulation region destabilised at ¢ = 1280 time steps. Persillon and Braza [52] report similar observations
in their study and add that the generated vortices are schematic representations of rotational motion
superimposed on a stretched ellipse. Note the topological similarities between the geometries of the
vortices in Figures 5.1 and 3.6, which validates our simulation environment.

We refer back to the choice of a triangular finite element over a linear element. From the observations
in [64], the observed concentric geometries for the alternating vortices may not have been produced at
all, or may contain substantial warps, such that individual vortices may not be distinguished in the flow.
As the existence of these vortices are crucial to the implementation of the proposed navigational control

algorithm, this further validates our choice of finite elements.
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FIGURE 5.1. Vorticity plot for Re = 100. Figure adapted from the results from the numerical
simulations of the Navier-Stokes equations in [52].

5.1.3 Limitations of the environment

We highlighted the importance of creating a suitable environment to test navigational algorithms in ‘real
time’ conditions. We determine three main assumptions and limitations of the simulation environment,
including the modelling assumptions in the Navier-Stokes solver, the uncertainty around the numerical
stability conditions and the unreliability of the algorithm to correctly classify and distinguish between

vortices produced by different sources.

We have previously discussed the role of the Navier-Stokes equations in a fluid modelling setting. It
is vital to understand the modeller’s decisions concerning the free parameters in these equations. We
assumed the effect of the external forces on the fluid element and the modelled fish to be zero. This
naturally implies that the weight of the fish equals the buoyant force experienced. This is a significant
assumption, as the net force experienced by a body largely contributes towards its velocity and acceleration.
The effects of a fluid element and objects with non-zero net force would need to be explored in a future

study.

The stability of the numerical computation techniques applied depends on many factors. One of the
most important factors is the Re. We have set the Re = 100 as a constant due to the set parabolic velocity
inflow profile. Changing the Re changes the dynamics of the fluid under consideration. However, studies
report a higher Re may result in numerical divergence in the discretised Navier-Stokes problem [11]. The
numerical solutions stabilise for low d¢ and Re and larger dx values. The trade off is that the simulations
run much slower with smaller d¢s, while larger dx values lead to errors in the simulation [11]. Future
work could include the simulation environment being tested for multiple inflow profiles, leading to various
tested Re values. This could also be considered a separate metric to test the robustness of the proposed
algorithm. This unpredictability of the behaviour of the numerical stability conditions is exacerbated
by the lack of detection of obstacles and the incapacity of the fish to distinguish between vortices from
different sources.

We have proposed an extremely simple simulation environment with the only interactions between
different fish. This is an incomplete model of a fluid environment as other obstacles exist, which may
also produce vortices leading to low pressure zones. We believe this would lead to conflicting inputs to
the lateral line, potentially driving the fish away from the shoal. This has been mitigated by studies
considering the vortex shedding frequencies requiring the study of the velocity in the neighbourhood of
individual fish [39]. Fish possess the ability to detect and distinguish between different vortex shedding
frequencies [39]. This is in agreement with current biological understanding where the input to the fish
brain consists of CN along with SN inputs, as discussed earlier. Although the problem of the in-feasibility

of access to the global hydrodynamic data still exists, this ability to distinguish between different vortices
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could be a valuable addition to the proposed control algorithm.

5.2 KD-Tree based control algorithm

This section discusses the construction of the algorithm, the modelling decisions that were involved and
brief justifications for the choice or certain parameter values or methods. We briefly discuss the results

obtained, before discussing the limitations of the algorithm.

5.2.1 Construction of the algorithm

We allow the simulation environment to run to allow a distinct KVS to be formed in the domain, before the
control algorithm is applied. The key concept of the algorithm is the ability to navigate the fish based solely
off the neighbourhood pressure values. We relate this to the well-studied %-nearest neighbour problem. For
agent-based simulations with interactions between multiple agents, fast response times are essential and
brute force methods are often inefficient. Space-partitioning methods resolve this issue by requiring less
parameters to be tuned [47]. These space-partitioning algorithms for the 2-nearest neighbour problems
operate by dividing the space recursively at each iteration, by employing a splitting rule. Hence, the
KD-Tree space partitioning algorithm was the base algorithm chosen to list the nearest pressure values

within a given radius.

5.2.2 Results from the algorithm implementation

The initial tests of the algorithm raised several fundamental issues with the construction of the algorithm.
Notably, the lowest pressure point in the vicinity of the fish was behind the fish, and the implementation
of the algorithm meant the fish would move in the positive x-direction of the domain away from the lead
fish, which is the opposite of the expected following fish behaviour. This was resolved by restricting the
KD-Tree to construct a list of points on the front half of the fish. This decision has been backed by studies
on bio-inspired robots, where the pressure sensor is towards the front end of the fish and the authors claim
that the arrangement detects KVS characteristics [17, 34, 76, 78]. Upon implementation of the algorithm
with this fix amongst others, we observe a sharp decrease in the Euclidean distance between the lead and
first following fish. We observe a sinusoidal curve in the Euclidean distance between the first and second
following fish. This is attributed to the non-collision rule applied between fish - i.e., there must be a =~ 0.2
m gap between two agents at all times. We observe that once the first following fish has held station, the

second following fish sharply follows.

5.2.3 Limitations of the algorithm

The preceding chapter presented a new unsupervised learning based navigational approach for multi-
fish systems in a fluid environment. The algorithm aims to navigate fish through a fluid environment,
depending on the low pressure vortices created in the wake of a swimming fish as an input to a pressure
sensor. The algorithm searches for the minimum pressure in the vicinity of each fish and directs the
fish towards this low pressure point. Given the assumptions presented, including a finite domain and
constant non-fluctuating fish speeds, the algorithm is guaranteed to end in finite time. Unfortunately, it
is impossible to guarantee whether the algorithm will always complete its intended goal of navigating

multiple fish towards a lead fish and hold station once a distance threshold has been reached.
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This is, in part, attributed to the small scale of the domain under consideration. Numerous test runs
have shown that the system crashes once a low pressure region begins to build up near the boundaries
of the domain. This is an unavoidable occurrence, due to the nature of the boundary conditions imposed
on the domain. To guarantee that the fish correctly determines the presence of this boundary, the fish
would need to navigate itself along the boundary, periodically checking for equal low pressure conditions
over a small time frame. We believe that this extra distance to be checked would be on the order of the
control algorithm’s positional uncertainty threshold. In effect, the fish would need to be certain of the
‘overlap’ between different boundary regions to be sure that it should definitely navigate away from this
region. Currently, this is conflicting with the simple pressure input required for the control algorithm
to function. A similar problem occurs when the following fish positions itself near the lead fish, as the
boundary conditions on the domain are also imposed on the fish themselves. In this case, the fish would
need to traverse a small distance around the lead fish to make sure that the goal has been reached. This
would be mitigated in a larger environment as the fish would no longer need to distinguish between other
fish and the boundary.

Considering the nature of the KD-Tree algorithm, we note the limitations of the computational time
required to search for the nearest neighbour points. On average the computational costs are O(log n) [24].
If our simulation model were to be extended to higher dimensions, the curse of dimensionality requires the
KD-Tree algorithm to search for many more branches for points as compared to a lower dimensional space,
reducing the efficiency comparable to an exhaustive search [68]. For real-time applications in hardware, a
widely accepted modification is an approximate nearest neighbour search. This modification sets an upper
bound on the number of points to examine in a tree and as the best point is not searched for exhaustively,
it offers significant speed increases. A well-known modification is the point-to-point Iterative Closest Point
algorithm with computational costs of O(1) [6].

In the results, we observe the emergence of a linear formation of the three fish. The term ‘emergent
behaviour’ refers to the collective behaviour of a multi-fish system that is not attributed to any single fish,
but is a result of coordination between many fish [38]. If we accept this definition of emergent behaviour,
we highlight that the behaviour of the three fish in the domain fulfils the above stated criteria. We note
that the individual fish are not told about the location of the lead fish in advance, nor are they specifically
programmed to move towards the coordinates of the lead fish. The only rule is to find the minimum
pressure position in the vicinity of a single fish and allow that fish to navigate towards the point. As the
vortices travel rightwards in the domain, the fish are exposed to more localised low pressure systems and,

gradually, a specific arrangement of fish is formed.

5.3 Summary

This chapter has focused on discussing the limitations of the fluid environment and the proposed control
algorithm for navigation. We highlight the effects of the modeller’s chosen parameter values (including
effects from external forces and the value of Re) on the simulation properties. We note the lack of
obstacles in the fluid potentially generating vortices and creating noise in the input to the current fish. We
mention the computational costs associated with the current implementation of the KD-Tree and propose
a modification in the form of set upper bounds on the number of points searched - a well known example

being the Iterative Closest Point algorithm with costs of the order O(1) compared to O(log n).
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CONCLUSION AND FUTURE WORK

e have succeeded in creating an in-house fluid environment to test decentralised control algo-
rithms in ‘real time’. We have adequately succeeded in our secondary aim of presenting a novel
algorithm for ’real time’ navigation through vortices in this fluid environment. This chapter
concludes the work conducted throughout the thesis and comments on possible directions to further this

work.

6.1 Summary of Contributions

First, we draw attention to the fluid environment presented in Chapter 3. We have succeeded in introducing
the Navier-Stokes equations - a widely accepted model of incompressible fluid flow dynamics. We introduce
the idea of discretising the domain under consideration using finite element methods to create a mesh on
the domain. We explain how the Navier-Stokes equations may be discretised using the weak formulation of
the system. We present several solver-preconditioner configurations to solve this linearised system on the
vertices of the above constructed mesh. We provide derivations for the weak formulation of a numerical
scheme for the discretised Navier-Stokes system. This is then implemented in Python using the FEniCS
platform for PDEs. To be able to move objects in the mesh without solver convergence failure, we require
the ALE method to move objects and then smooth the deformed mesh multiple times. We introduce the
method and its implementation in our simulation framework.

This is a crucial step in developing navigational algorithms for use in robotics, as the fluid in which the
robot operates is not static. It requires the control algorithm to take input in ‘real time’ with changing fluid
features and act accordingly. The ability to control the motion of agents in a fluid, along with simulating
the environment simultaneously, is not currently supported in commercial computational fluid dynamics
software. This thesis creates such an integrated environment.

Chapter 4 details the proposed control algorithm for this integrated environment, along with the
supporting algorithms required for minimalistic collision detection and boundary avoidance. We take

inspiration from the KD-Tree algorithm to detect the nearest neighbours, implemented using the SciPy
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library in Python. It creates a query point tree, searching for points within a given radius. We set the radius
to 0.06 m, which is slightly more than the radius of the fish agent, so as to only include local pressure data
as inputs to the control algorithm. We evaluate this proposed algorithm by testing whether a swarm is
created starting off with different initial positions. A swarm is defined as a collection of agents within 0.2
m of each other. We show the gradual decrease of the Euclidean distance between the lead fish and the
following fish eventually reaching the assigned 0.2 m threshold, at which point, the simulation terminates.
This is a notable step in furthering the current body of knowledge in the field of swarm emergence through
simple, local interactions. We have managed to demonstrate this behaviour in a dynamic environment,
using only local pressure data for each fish. This work has significant implications for navigational control
strategies concerning swarms of autonomous undersea vehicles.

We discuss our findings in Chapter 5 and briefly comment on the limitations of the environment
modelling process, as well as the limitations of the proposed control algorithm. We highlight the Iterative
Closest Point algorithm as a potential modification for our implementation, due to the computational costs

being several orders of magnitude lower than the KD-Tree approach.

6.2 Future Work

We propose that future studies could vary the Re and the external forces applied on the fluid elements,
and analyse the change in fluid dynamics. To demonstrate the scalability of the shoal, we require studies
with many more agents. Other comparative studies could be conducted on the differences between the
simulations and real world robotic applications. We have already developed the mathematics to allow
the simulation to be implemented in 3D. Future studies could focus on this transition from 2D to 3D and
conduct analyses on the robustness on the simulation framework and control algorithm.

Studies should also be focused on furthering the fluid-structure interaction capabilities of the current
environment. We chose a simplistic model of a circle to generate the vortices in the domain due to time and
computational constraints. A more realistic fish model could take the form of an oscillating aerofoil, which
would produce the reverse KVS observed in the wake of swimming fish. Recent work on fluid-structure
interaction is done in the turtleFSI [5] library, where an ALE frame of reference is created. Integrating
these capabilities in our fluid environment would significantly inform the development of new control
algorithms. These new improvements would contribute to the existing body of knowledge on swarm

decision-making processes in fish schools.
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