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Abstract

The ability of animals to swiftly move through cluttered environments has inspired
biologists interested in understanding its underlying mechanisms and engineers
interested in applying its underpinning principles. To avoid colliding with obstacles,
animals first need to detect that an object may be in their way. A decision then needs
to be made about avoiding contact with the object so that locomotor strategies can
be adjusted accordingly. In this thesis, I break down the problem of how animals
negotiate clutter into three distinct, but related questions: 1) What information
is needed to avoid collisions, and how do animals perceive it?; 2) how do animals
choose between alternative paths to take?; 3) how are such choices implemented? I
study these questions in two model species that inhabit open spaces but regularly
encounter clutter: the homing pigeon (Columba livia) and the Picasso triggerfish
(Rhinecanthus aculeatus). I frame their clutter negotiation behaviour as a process
of sequential gap selection, allowing me to decompose it into components that can
be independently evaluated. In Chapter 2, I use a combined experimental and
modelling approach to model pigeons’ steering behaviour algorithmically in a two-
alternative forced-choice task. The birds are tracked flying inside a large hall whose
open exit was separated from the release point by a curtain creating two vertical
gaps. I find that their flights are best modelled by delayed proportional navigation,
the same steering controller that has been used to implement all basic geometries
observed in pursuit behaviour. In Chapter 3, I use a high-speed motion capture
system to track pigeons flying through an artificial forest of vertical poles. I find bird
gap choices are best captured by an autoregressive model, including information
about the exit location, the cartesian distance between the closest obstacles, and the
apparent visual gaps between all the obstacles ahead. In Chapter 4, I use a similar
experimental paradigm to investigate how fish negotiate clutter, a behaviour which
has never been studied in fish before. I find evidence of fish choosing clearances most
directly aligned with their target based on egocentric visual cues. Finally, I show
how these components can be combined to simulate realistic animal trajectories
through clutter. Overall, the results of my thesis provide a valuable new framework
for looking at how animals move through complex environments.
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Caminante, no hay camino, se hace camino al andar...

Traveler, there is no road; you make your own path
as you walk...

� in Antonio Machados's Caminante, no hay camino
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As Machado's poem beautifully illustrates, the path our lives take is shaped

by the accumulated decisions we make over time. Animals, too, face constant

choices every day, from deciding between alternative food sources to choosing a

mate. Even the most basic of these require multiple systems within an organism

1



to work in tandem to �nd a solution. For instance, to choose between alternative

food sources, an individual must �rst decide that moving to one of these sources is

a better outcome than doing nothing. In other words, it must set reaching food as

a goal. Once this goal has been established, the animal must identify its available

options to achieve such a goal: how many food sources are available, where are they,

and how do they di�er? Assuming the location is clear, and one of the options is

superior, the individual must then �gure out how to get to that goal. Breaking

such simple decisions down thus starts to unpack some of the complexity behind

them. Yet, animals with the simplest of brains execute these almost instantaneously

while swiftly moving through the complex environment that the world presents.

How do they achieve such feats? This is what I have tried to answer over the

course of my DPhil. In the complex, three-dimensional environments animals live

in, how do they make their way to their target location while avoiding colliding

with the many obstacles in their way? What follows is an account of how I have

thought about this problem and what I have learned.

Animal movement has fascinated researchers for centuries at various spatial and

temporal scales. Writers as far back as Homer and Aristotle have pondered the

seasonal disappearance and reappearance of birds that we now know as migration.

An organism's ability to get to a desired location implies at least two key capabilities:

�rst, the capacity to form an internal representation of the identities and locations

of signi�cant objects in one's environment, and second, being able to orient oneself

with respect to such objects [1]. The problem of navigating space to reach a goal is

so common that many disciplines have approached it through their own lens, often

leading to ambiguous or con�icting terminology being used to describe the same

phenomena. Therefore, for clarity, I shall �rst outline how some common terms

will be used in this thesis. Attempts at breaking down navigation elements such as

homing have mostly opted to distinguish based on the range and type of information

used. In terms of information range, the component of navigation that utilises

environmental information that is directly accessible by an organism's sensory and

motor systems is known as locomotion or guidance. In contrast, a goal-directed
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movement towards a destination beyond the local surroundings, what ethologists

traditionally think of as "navigation", can be referred to as way�nding. Regarding

the type of information being used, available cues can be divided into allothetic

(external to the body of an animal) and idiothetic (self-referential) cues.

Idiothetic cues can be generated from an organism's proprioceptive and vestibular

system [2], sensory �ow [3], or e�erent copies of movement commands [4]. The

navigational strategy that involves using self-generated cues to monitor a navigator's

displacement over time relative to a starting position is termed path integration.

First observed in gerbils, which were found to be capable of carrying displaced

pups in a straight line path from the pick-up point to their nest even in complete

darkness [5], path integration has since been demonstrated across taxa (ants [6],

spiders [7], rats [8], humans [9], [10], gold�sh [11], mantis shrimp [12]). Animals

commonly use path integration to take a direct vector home at any point in an

outward journey by integrating their velocity -containing information about both

speed and direction of travel- as deduced from idiothetic cues.

In contrast, navigational strategies that rely on allothetic cues typically involve

the use of landmarks, de�ned as cues that are salient and stable in the environment.

These can be used by navigating animals as a reference point for the desired location

("beaconing") or to identify a route. Such landmarks can take the form of visual,

auditory or olfactory features in the environment. Examples of each of these have

been observed in animals moving across aquatic (e.g. Paci�c salmon swimming

towards the odour of their home stream water [13]), aerial (e.g. big brown bats

using a frog chorus as an auditory beacon) and terrestrial environments (mice,

humans, ants). A single landmark is used in beaconing, and animals often take

the shortest possible route towards it, a straight-line path. When a sequence of

landmarks or well-marked routes is used to navigate to a target, the strategy is

termed route following, as is often observed in ants and termites following pheromone

trails. This is also called piloting in animal navigation, with pigeons [14] and brown

surgeon�sh [15] providing notable examples.
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A further distinction is made between the navigational strategies above and

those thought to require an enduring external or internal spatial representation

(a map or cognitive map), that is, knowledge of landmarks, routes, distances and

directions that is spatially uni�ed. The exact form such a "map" takes has been

extensively studied, with two key ideas emerging from the ethological literature: the

grid and the mosaic maps. Based on observations of pigeon homing, Wallra� [16]

suggested that birds determine their position with respect to home by using local

scalar values of environmental gradients, referenced against a mental representation

of the spatial distribution of such gradients. It is suggested that by extrapolating

gradients beyond the range of direct experience, such a "gradient map" allows birds

to estimate distances and navigate at unfamiliar sites. Possible cues that have been

suggested to form gradient maps include odour, magnetic intensity and gravity

(reviewed in [17]). Within familiar sites where the di�erence in such gradients may

become unusable for navigation, Wallra� proposed that birds remember the position

of prominent landmarks with respect to each other, forming a directionally oriented

representation of the home area. Confusingly, the term piloting is also used in the

cognitive neurobiology and psychology literature to describe navigational strategies

involving landmark-based cognitive maps. Still, we will limit its meaning here to

following a sequence of landmarks or well-known cues for clarity.

To successfully reach its target, an organism needs to keep track of its location

relative to some reference point as it moves to remain oriented. Spatial orientation

is always relative to something, and the system used for de�ning relational systems

consisting of spatial relations between objects is termed a reference system. Reference

systems can be divided in a myriad of ways, but for navigation, it is useful to distin-

guish between egocentric and environment-based reference frames broadly. Location

and orientation can be speci�ed relative to the observer's position (egocentric); for

instance, the pigeon loft is 80 m the left and behind the �ight hall; or relative to

the environment, such as the sun's azimuth or landmarks (the pigeon loft is to the

east of Wytham Hill). These can of course be further subdivided, such as into eye,

head and body-based coordinate systems in the case of egocentric reference frames,
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or intrinsic and absolute in the case of allocentric reference frames, amongst others.

Levinson [18] de�ned absolute reference systems as those coding directions relative

to global features that function over large areas. Features animals are thought to

make use of to provide a global (azimuthal) reference include the position of the

sun [19], celestial bodies [20] or geomagnetic cues [21]. In Kramer's [22] two-step

"map-and-compass" navigation model, this process is known as the "compass" step.

1.1 Framing the thesis problem

To avoid colliding with obstacles, animals �rst need to detect that an object may

be in their way. A decision then needs to be made about how to avoid contact

with the object so that locomotor strategies can be adjusted accordingly. The

problem of successful navigation through complex environments is common in �elds

as varied as robotics, psychology and biomechanics. The advances in areas adjacent

to animal behaviour have been instrumental in developing biologists' thinking about

how animals may achieve feats similar to those studied in humans and man-made

systems. Biological systems have heavily in�uenced obstacle avoidance in robotics,

and in turn, this thesis draws on how engineers have dealt with controlling machine

movement in cluttered spaces. In this spirit, I think of my question of study in

terms of 1) the information needed to avoid collisions and how this is perceived

and processed by animals; 2) how this information informs decisions about what

path to take; 3) how such decisions are implemented. I address this question in two

species that move in 3D environments di�erently: the pigeon and the trigger�sh.

Therefore in brie�y outlining some background relevant to the thesis below, I focus

primarily on that most pertinent to my study species.

1.2 Sensing clutter in the environment

Information about the environment is available in the form of electromagnetic energy,

chemicals, vibrations, temperature and physical contact, amongst others. For an

animal to determine whether an obstacle may be obstructing its path, it must �rst be
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able to separate objects in the environment from the background. Information about

these objects' position, size, or velocity must then be collected to establish whether

the agent might be on a collision course. How can this information be obtained?

Animals have developed highly specialised sensory systems to extract information

relevant to their survival, such as avoiding collisions while moving at high speed.

Such systems include those well-studied in humans (vision, hearing, smell, touch,

taste, equilibrium), and some, to the best of my knowledge, beyond human

capabilities, such as electric and magnetic �eld detection or infrared "vision". The

sensory modality of information inevitably limits its use in speci�c scenarios, and

so at any given point, an animal is likely to be utilising inputs from several

modalities [23]. For instance, vibrational information obtained from echolocation

can provide high angular, and depth resolution [24] and is commonly used by bats

and dolphins, amongst others. However, it has an intermittent sampling rate and

relatively short range due to relying on high frequencies that attenuate rapidly

in air [25]. Accordingly, bats have been found to complement auditory cues from

echolocation with visual cues during navigation to enhance obstacle avoidance

capabilities [26]. Nevertheless, spatial navigation tasks, including negotiating

cluttered environments, tend to depend mainly on vision [27]. This is particularly

true in organisms whose primary sense is vision, including pigeons and trigger�sh.

Therefore, this thesis will consider vision as the primary source of information

relevant to navigating complex environments.

1.2.1 Vision

Animals can perceptually integrate the 2D stimuli received by retinal surfaces to

obtain information about the third dimension of the visual environment in which

they operate. Reconstructing this third dimension facilitates the estimation of

relative positions of points, planes or features with respect to a �xation plane (or

another relative position). This process is referred to as depth perception and allows

observers to segregate unambiguous surfaces into �gure and ground, facilitating

object detection. Additionally, a three-dimensional frame of reference can allow
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observers to estimate the egocentric absolute distance of an object (i.e. the absolute

distance of an object to the observer).

Mechanisms that enable 3D visual perception from 2D retinal projections

typically exploit geometric spatial relations or some form of prior knowledge.

Sampling the same point in space from two vantage points, such as from two separate

eyes (known as stereopsis), allows a direct angular measure of depth with respect to a

�xation point. In stereopsis, such information is based on horizontal retinal disparity.

Additionally, visual geometry can be combined with proprioception to perceive three-

dimensional space by measuring the oculomotor adjustment needed to maintain a

sharp image on the photoreceptors of each or both eyes - known as accommodation

and convergence, respectively. An alternative approach to estimating depth from

visual cues relies on the cognitive interpretation of previously explored static images.

Cues such as occlusion, relative size, perspective, shading, texture gradients and

blur are valuable in interpreting scene structure. However, these can generally not

provide the precise quantitative information necessary in situations at the limits of

depth resolution, such as �ight manoeuvres in a cluttered environment.

The above cues can all provide information while an observer is stationary.

However, as an observer moves through an environment, the visual information

created by motion provides several additional cues. Similar geometry to that used

for binocular depth perception can be exploited by sampling the same point from

di�erent positions in time instead, due to the di�erence in image motion between

objects at di�erent depths known as motion parallax. As an animal moves relative

to its environment, the rays connecting object points to the animal's vantage

point move in a predictable way. The pattern of angular velocities generated in

the retina when an animal moves through space contains a wealth of information

that can be used while navigating 3D environments, including that relating to the

orientation of surfaces [28], the direction of heading [29], and time to contact an

approaching object [30]. Gibson [31] was among the �rst to notice this, referring

to this pattern as "optic �ow". In this section, I will use the coordinate system

of the animal's eye depicted in �gure 1.1 to illustrate some important features of
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Figure 1.1: Coordinate system for description of optic �ow used in this thesis. Note
depth information is contained in the axis labelled Y. Other authors have also referred to this as
the Z axis in the context of optics, but this thesis shall use the coordinate system depicted here.

optic �ow and how depth information can be obtained from it. I will treat the

retina as a planar projection plane (xz) for simpli�cation, but the same principles

apply when projections are onto the spherical shape of animal retinas. Note in

the diagram, the Y-axis represents depth.

The motion of an observer relative to the environment is described by a

translational and a rotational component, with elements in each of the axis

(yaw, pitch and roll). These components of relative motion between observer

and environment are experienced as rotational and translational optic �ow in the

observer's retina (TxTyTz and RxRyRz). Only the translational component of optic

�ow provides depth information. This happens because, in pure rotation about

the eye, all points move with the same angular velocity regardless of depth. The

perception of depth of environmental points along the y-axis in �gure 1.1 therefore

arises from translation rather than rotation. This is depicted in �gure 1.2, which

shows the patterns of �ow generated by each type of movement when looking at

two planes at di�erent depths (the left plane is closer than the right plane). In

�gure 1.2B, the vectors at corresponding eccentricities on the left and right have
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Figure 1.2: Patterns of optic �ow experienced in the retina from di�erent movements .
A Pattern of optic �ow experienced during pure rotational movement when looking at two planes
at di�erent depths. The left plane is closer (less deep) than the right plane. Despite the di�erent
depths of the planes, corresponding vectors in the left and right have equal lengths, as angular
velocity depends on the position of the retina only. B Pattern of optic �ow experienced during
pure translational movement when looking at two planes at di�erent depths. The left plane is
closer (less deep) than the right plane. The vectors at corresponding eccentricities in the left and
right have di�erent lengths. Thus relative depth of the left and right can be obtained from the
relative di�erence in velocities of of the moving points.

di�erent lengths. Thus the relative depth of the left and right can be obtained from

the relative di�erence in velocities of the moving points. Meanwhile, for rotational

movements (�g 1.2A), corresponding vectors in the left and right have equal lengths,

as angular velocity depends on the position of the retina only.

Naturalistic movement almost always involves both translational and rotational

optic �ow components, and therefore �ltering out rotational optic �ow from the

apparent image motion experienced in the retina is the key to recovering depth

information from motion. Birds have been shown to maximise the time during which

they can perceive depth information from optic �ow by reducing rotational gaze shift

to short saccadic head turns, and keeping their head orientation constant relative to

the environment while moving around obstacles [32]. For purely translational optic

�ow along the X or Z planes, the relative depth of two objects is given by the ratio

of the retinal velocities between those objects. Di�erentiating the retinal vectors in
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space provides the rate at which these change in the X and Z directions, which can

be used to recover the orientation and curvature of a surface. When the �ow is in

the Y plane, retinal coordinates are also needed to calculate depth. Assuming the

relative velocity of the observer stays constant, the depth of environmental points

obtained from Y-translation also provides information about time to collision (TTC)

independent of object size. This is a particularly helpful cue for avoiding collisions,

and has been linked to escape, landing, and pursuit behaviours in several species (e.g.

[33] [34] amongst others). As well as providing information about the structure and

layout of objects in the world, translational optic �ow provides information about

the observer's movement in an environment. This can be understood most simply

when considering the view from a car while driving on a motorway. In this situation,

there is an out�ow of global visual information from the end of the road (the focus of

expansion, assuming the road is straight) in the direction of the observer's movement.

This pattern of expansion provides information about the direction and speed of

the observer's translation. Animals have been shown to use information from optic

�ow in this way to help estimate �ight distance, for instance, during homing [35].

1.3 Processing of sensory information relevant to
negotiating complex surroundings

Visual processing in vertebrates can be loosely divided into three parts: the eye

(including the retina), retinal projections connecting the retina to visual centers in the

brain, and visual centers in the brain receiving and processing sensory information.

Work on bird and �sh visual systems has revealed that the fundamental principles

that allow key aspects of visual perception are well conserved across vertebrates,

despite vast disparity in available circuity between clades [36]. For instance, in the

natural environment, motion detection is dominated by luminance-based motion

cues. These are referred to as �rst-order or Fourier motion. Second-order (also

known as non-Fourier) motion cues, such as movement of contrast, �icker or texture

can also be used to perceive complex environments. The processing of such second-

order motion cues is linked to higher-level cognitive phenomena such as attention,
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and was traditionally considered to be unique to the mammalian neocortex due to

the computational challenge it poses. Despite that, we now know both �sh and

birds perceive second-order motion [37] [38]. This suggests that either second-order

motion is processed in earlier stages of the vertebrate visual system, or similar

computations to those thought to happen in the neocortex take place in homologous

structures in �sh and birds (the pallium). Beyond its inherent interest, this account

thus illustrates how furthering our knowledge of animal visual systems can develop

our understanding of vision in humans.

1.3.1 Avian vision

Birds are highly visual animals, relying more heavily on vision than any other

terrestrial vertebrate [39]. Pigeons, in particular, have been the subject of a large

amount of work on avian vision, thanks to which we now better understand birds'

extensive visual abilities. These include good detection of static and dynamic

stimuli in noise, detection of biological and other complex motion, colour and

UV vision, as well as stereopsis.

Avian vision is achieved by several neurovisual systems originating in the retina

but varying in their destination within the brain. Two of these systems have been

widely studied: that carrying information from the retina to the optic tectum, and

that moving information from the retina to the principal visual nucleus of the dorsal

thalamus [40]. In birds, these are known as the tectofugal and thalamofugal pathways.

However, other neurovisual systems exist, such as those carrying information from

the retina to nuclei in the accessory optic system (AOS), the pretectum, and the

hypothalamus, all of which are highly conserved in vertebrates [41].

Di�erences in the relative sizes of visual nuclei are often correlated to the visual

behaviour of a species. For instance, hummingbirds tend to have enlarged pretectal

nuclei, nucleus lentiformis mesencephali (LM). The LM is associated with the

optokinetic response and the analysis of optic �ow, both of which are critical to

hovering [42]. Meanwhile, the size of the visual Wulst seems to be correlated with
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the amount of binocular overlap of a species. Owls and other species thought to

possess global stereopsis tend to have particularly enlarged visual Wulsts [43] [44].

Nevertheless, the tectofugal pathway tends to be the most prominent in birds

and is considered the primary visual system of the clade, with most optic �bres

projecting onto the optic tectum, which is generally large compared to that of

other vertebrates [41]. The optic tectum is thought to control the localisation of

objects in space; it is responsible for orienting an animal's movement to stimuli of

interest and is thus involved in identifying and judging the importance of focussed

objects [45]. Neurons in the optic tectum and further upstream of the tectofugal

pathway respond to objects moving towards the eye of the bird (looming stimuli)

relative to the background, but not when the motion of the object and background

are identical [46] [47].

Meanwhile, the role of the visual Wulst, the telencephalic target of the thala-

mofugal pathway, is less well understood. The visual Wulst is analogous to the

mammalian primary visual cortex (V1) � both receive visual information from the

retina via the nucleus geniculatus pars dorsalis of the thalamus (Gld), and project

onto thalamic and midbrain structures, amongst other similarities [48]. However,

the physiological function of the visual Wulst in pigeons cannot be extrapolated from

our knowledge of it in the many studies of the owl Wulst, due to each processing

qualitatively di�erent information: pigeons receive mainly monocular information

from the lateral visual �eld, while owls' input is predominantly binocular. In

laterally-eyed birds, the Wulst seems to be principally involved in analysing visual

information in the lateral visual �eld [49]. GLd neurons projecting onto the Wulst

respond preferentially to motion within 60� of the optic axis, with receptive �elds

generally larger than those in the tectum [50]. There is also evidence that the Wulst

is engaged in representing and remembering global spatial information [51] [52].

The neurovisual systems connecting the retina with nuclei in the accessory

optic system and pretectum are often considered the third major visual pathway in

birds. These constitute a highly conserved brainstem visual pathway that processes

the optic �ow pattern resulting from self-motion and generates the optokinetic
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nystagmus (OKN) that facilitates gaze stabilisation [53]. The two principal retinal

recipient nuclei of this pathway are the nucleus of the basal optic root (nBOR),

and the pretectal nucleus lentiformis mesencephali (LM). The nBOR and LM both

have extensive projections to other brain structures involved in motor control and

to nuclei of other visual pathways such as the Gld [54].

Neurons in nBOR and LM have large receptive �elds, as would be expected of a

system that analyses patterns of visual motion across the retina, such as those caused

by self-motion. Additionally, nBOR and LM neurons are directionally sensitive

to large moving patterns, with preferred directions in the nBOR corresponding to

upward, downward and backward directions and forward motion in the LM [55] [56].

Neurons in these nuclei are, however, unable to distinguish between translational

and rotational components of optic �ow. For an illustration of why this is the

case, refer back to �gure 1.2A: rotational optic �ow about the Y axis appears as

upward and downward motion along the equator, in the left and right of the image,

respectively. The large receptive �elds of neurons in the nBOR and LM preferring

upward motion would therefore respond equally well to downwards translation and

a rightwards roll of the head. A solution to this for lateral-eyed animals, such as

pigeons, is to integrate information from the visual �elds of each eye.

Information about optic �ow is processed and disambiguated in the LM and

nBOR's projections to, as well as inside of, the cerebellum. In particular, signals

from the direction-selective neurons of nBOR and LM are integrated in the inferior

olive. The inferior olive in turn projects to the vestibullocerebellum (VbC), which is

involved in making compensatory eye movements [57]. In the VbC, information from

ipsilateral and contralateral visual �elds is integrated to disambiguate rotational

and translational components of optic �ow. Neurons in the VbC show a clear

topographic organisation, with separate regions responsive to each component of

optic �ow [58]. Generally, rotational optic �ow is encoded in the lateral VbC,

known as the �occulus, and translational optic �ow is encoded in the medial VbC,

known as the uvula. The responses of visual climbing �bres to the �occulus are

organised in a three-axis system along the vertical (Rz in �g 1.1) and horizontal
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directions, with the two horizontal axes (Rx equivalent) oriented45� to the midline.

The orientation of this axis system matches that of the semicircular canals of the

vestibular system, the other sensory system involved in the analysis of self-rotation

[57]. It also coincides with the spatial reference system used by the output of the

visual system, the eye muscles which generate compensatory eye movements [59].

These systems work in tandem to guide and stabilise �ight behaviour.

1.3.2 Fish vision

Multiple �sh species rely on vision to guide their behaviour, and accordingly have

well-developed visual capabilities [60]. Amongst teleosts, zebra�sh and gold�sh have

traditionally been the species of choice for studying visual systems, with studies

on the perception of shape and colour being mostly on the latter, and research

on motion vision carried out mainly using zebra�sh.

As in avian visual systems, and indeed those of all vertebrates, retinal ganglion

cells (RGCs) in �sh retina project to several targets in the brain, including the

thalamus, hypothalamus, pretectum and optic tectum. While the projections to

and from each of these retinorecipient targets have traditionally been considered

individual pathways, they are often interconnected and linked to both primary

and higher-order sensory and motor structures [61].

In teleosts, the optic tectum receives 98% of the axon projections of RGCs

[62]. The pathway connecting the retina to the optic tectum, known as the

retinotectal pathway, is thus thought to be the primary visual pathway in �sh. The

tectal projections from RGCs follow a topographic organisation, with axons from

neighbouring ganglion cells terminating in neighbouring positions in the contralateral

tectum, thus forming a complete optic chiasm [63]. Neurons in the �sh optic tectum

respond preferentially to image motion corresponding to temporal-to-nasal, nasal-

to-temporal, up and down directions [64]. Evidence suggests the tectum is likely to

have a role in visual orientation, discrimination and grasp behaviour rather than

in motion detection [65]. Information from the optic tectum is then transmitted

to motor nuclei, where it is used to form orientation-based motor reactions such
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as turning to a prey object or away from a large potentially dangerous stimulus

[66]. The �sh optic tectum also receives sensory inputs from other sensory systems

and is thus suggested to be involved in multi-sensory integration [67].

As in mammals, birds, reptiles and amphibians, the �sh accessory optic system

constitutes another major visual pathway that is fundamental to gaze stabilisation,

which is essential for the proper functioning of other visual systems [68]. Despite

this pathway's key role in mediating visuomotor behaviours, it took much longer to

recognise it in �sh than in other vertebrates, in part due to the huge variation in �sh

species, and ongoing debate about the number and exact location of presumed AOS

nuclei in di�erent species [69]. The pretectum -part of the diencephalon- is essential

for the �sh optokinetic re�ex and optomotor responses, suggesting it is the principal

brain area associated with the processing of optic �ow information in the taxa [70].

Neurons of retinorecipient nuclei in the pretectum -presumed to be AOS nuclei-

are highly responsive to whole-�eld motion in four orthogonally arranged preferred

directions, and have relatively large receptive �elds [71]. These cells have been shown

to di�erentially represent rotational and translational components of optic �ow in

zebra�sh. Two broad classes of pretectal neurons have been identi�ed: "simple"

monocular and "complex" binocular neurons. Each of the four types of monocular

pretectal neurons preferentially respond to either a nasal or temporal direction of

motion in the left or right visual �eld. Meanwhile, binocular neurons seem to be

tuned to translational optic �ow, responding strongly to translational forwards and

backward motion [72], but being inhibited during rotational motion. The inhibition is

likely provided by the eye opposite to the one that activates the cell. Hence these cells

are considered binocular [73]. Pretectal neurons in turn project to the cerebellum

and lower part of the midbrain, where visual information is processed further.

1.3.3 Spatial information

The information gathered about the environment from external sensory cues must

then be integrated with sensory cues derived from self-motion (vestibular or

mechanosensory cues, optic �ow, proprioceptive feedback and motor e�erence
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copy from limbs) to form an inner representation of the space in which an animal

is operating [74]. This internal representation can then be used to determine

what motor commands would lead to optimally negotiating an environment in

a particular behavioural context.

At a neural level, spatial representations have been strongly linked to the

hippocampal formation in �sh, reptiles, birds and mammals. The neural mechanisms

that facilitate spatial navigation have been most extensively studied in mammals.

Specialised cells have been found to encode the internal representation of the

animal's location, head direction and various aspects of movement such as speed

and angular velocity. The four main types of cells identi�ed are grid cells, place

cells, border cells and head direction cells, but others, such as speed cells, have

also been found. Together, these encode the two main components required for

guided movement: position and orientation. Of these, head direction cells, which

encode orientation, are found most commonly across taxa, having been reliably

found in birds [4] and �sh [75] as well as mammals [76]. Head direction cells are

tuned to single preferred head orientations. Their �ring rate reaches a maximum

when the animal faces the cell's preferred direction, independent of the animal's

location or the head's pitch or roll [77].

Place cells, grid cells and border cells encode location information. Place

cells become active when an animal passes through a particular location in the

environment, called the place �eld [78]. Meanwhile, grid cells can provide infor-

mation about both location and distance due to becoming active when an animal

traverses one of the vertices of the hexagonal lattice that tiles an animal's mental

representation of the environment [79]. Despite the apparent lack of clear place

or grid cells in non-mammalian vertebrates, there is evidence of other spatially

modulated, if more broadly tuned, cells in both �sh [80] and birds [81]. These

�ndings are most commonly thought to indicate that non-mammalian spatial

cognition operates through mechanisms that are fundamentally distinct from those

in mammals and do not require place cells or the wave patterns characteristic

of mammalian spatial cognition [82].
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The fourth primary type of cell associated with spatial cognition, bound-

ary/border cells, �re when an animal is located at the boundaries of an environment,

thus encoding its shape [83]. Similar cells encoding borders of an environment have

been found in the relatively few studies of neural activity in the non-mammalian

hippocampus. Fish's lateral pallium [75][84] and birds' hippocampal formation

[82] are both considered functional homologues of the mammalian hippocampal

formation. The �ring �elds of cells in the hippocampal formation are anchored to the

external environment (ie they are in a world-centred or allocentric reference frame).

This makes such cells suitable for a longer-term memory of spatial relationships

that do not require continuous transformations between visual and body reference

frames as online control of action can [85]. Accordingly, the hippocampal formation

is strongly linked to spatial memory and cognition more broadly on top of spatial

perception [86]. This contrasts with neurons that carry information about the

source of a sensory cue, such as a neuron in the visual cortex responding to a

stimulus in a particular part of the visual �eld relative to the head (i.e. in an

egocentric reference frame).

1.4 Engineering approaches to negotiating clut-
tered environments

Until recently, the strategies and mechanisms underlying negotiating obstacle-laden

environments in animals had received surprisingly little attention despite their clear

ecological importance. Meanwhile, obstacle avoidance has been a key problem in

robotics for some time. As a result, thinking developed in the robotics path planning

literature has helped develop biologists' understanding of how animals navigate

complex environments. As the name indicates, obstacle avoidance has traditionally

been thought of in terms of repellence: objects in the environment the animal or

robot (hereafter �agent�) aims to stay clear of. This is re�ected in the strategies that

have been employed to implement obstacle avoidance in engineered systems, brie�y

reviewed here to place the problem this thesis is trying to solve within the broader

literature. In man-made systems, approaches used to solve the problem of collision
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avoidance whilst driving the agent towards the target location can be broadly divided

into two categories based on the amount of information they require. Global path

planning methods require full knowledge of the environment, while sensor-based

methods respond to local information only (reactive navigation). In the robotics

literature, these are known as classical and reactive path planning, respectively. The

advantage of the former is that entire trajectories can be computed o�ine. Still, it

su�ers from obvious drawbacks of being computationally challenging (and therefore

slow) and models of the world being inaccurate. Reactive approaches, on the other

hand, have much lower computational complexity due to only using a portion of

the world model. Reactive approaches are clearly more directly relevant to animal

systems, as full, up-to-date knowledge of a dynamic natural environment beyond

the sensory range of animals is unfeasible. Even if it were, the sensory uncertainty

inherent in any biological system would render such methods inaccurate over long

timescales. Collecting sensory information directly from the local environment

is, therefore, necessary for robust movements in real-world environments. A full

review of obstacle avoidance and path planning methods in robotics is beyond the

scope of this thesis. Nevertheless, some background on how thinking about the

sorts of spatial problems that animals face daily has developed from an engineering

perspective can help shed some light on possible underlying mechanisms. The

reader is directed to [87] [88] for more comprehensive reviews.

1.4.1 Path planning: dealing with obstacles from an en-
gineering perspective

Path planning algorithms can be classi�ed in a multitude of ways. Several authors

divide them into classical (also known as exact) algorithms and heuristic-based

algorithms [89] [90]. Classical algorithms look for a navigation solution, typically

based on full prior knowledge of the environment, which can be computationally

intensive. Meanwhile, heuristic algorithms usually create a set of temporary paths at

each iteration, taking in local environmental information at each step and recursively
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taking the agent closer to its goal location. Such methods are more competent

at dealing with unfamiliar environments.

1.4.1.1 Classical methods

Some of the classical methodologies used in the 1980s and 1990s to determine the

most e�cient and collision-free route from the current to the goal location include cell

decomposition, potential �eld, sampling-based methods and their many iterations.

These usually require global knowledge of the environment, based on which a path

is planned, rather than reacting to environmental information as it is encountered.

Cell decomposition

The basic idea behind cell decomposition methods is to transform a continuous

problem into a discrete graph search. First proposed by [91], the cell decomposition

approach divides space into non-overlapping grids (cells), and forms a connectivity

graph that captures the structure of the space by representing each cell as a node in

the graph. In its simplest form, each node is marked as full -if it contains obstacles-

or empty � if it has no obstacles. The nodes containing the start position and goal are

determined, and the algorithm looks for a sequence of free nodes to connect the two.

This provides a collision-free path to reach the target. However, as the dimensions

of the space an agent is moving through increase, cell decomposition methods su�er

from large numbers of cells, eventually making them impracticable [92].

Potential �eld

The family of models that are referred to as potential �eld methods were originally

proposed by [93]. In this approach, targets are modelled as attractors and obstacles

as repellers. Repulsive and attractive forces are then combined to create a potential

�eld which gives the model its name. Using this method, the agent is modelled

as a particle moving in a space under the in�uence of a force �eld. The force

(potential) �eld is used to guide the agent's movement towards a goal while avoiding

obstacles. This method thus requires a priori knowledge of the positions of all

obstacles and can rapidly increase in complexity as more obstacles are added. In
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its original form, this model predicts oscillating trajectories in narrow passages

and with paths disproportionately in�uenced by lateral obstacles. Moreover, the

agent can get trapped in local minima. A number of studies have attempted to

address this issue, but ultimately none guarantee local minima can be avoided [94].

These characteristics make it unlikely to be used by animals, but the method has

nonetheless been implemented to model prey-approaching behaviour in toads [95].

A related potential �eld reactive model used on human path selection experiments

approaches the problem as a dynamical system, with steering decisions generated

online by solving di�erential equations [96], instead of explicitly path planning.

This dynamical model predicts smoother paths and does not get stuck in local

minima. It also has lower computational requirements than local path planning

approaches but continues to su�er from non-optimal trajectories being generated

(eg oscillatory paths in narrow corridors).

The concept of a potential �eld is applied slightly di�erently in vector �eld

histogram (VFH) algorithms. These compute a set of suitable motion commands

and select amongst these based on a given navigation strategy (e.g. avoid areas

of the highest obstacle density). They have several stages, with the �rst stage

involving the generation of a 2D Cartesian histogram as a continuously updated

world model. This grid is reduced to a 1D polar histogram around the agent

representing polar obstacle density in each direction. In the �nal step, the algorithm

selects the polar sector with the lowest obstacle density and calculates the steering

angle and velocity necessary for the agent to move in that direction. This method

always selects the sector which is in the same direction as the goal, but the selected

sector is not always optimal. An improved version of this, the nearness diagram

approach, uses a divide-and-conquer strategy to reduce the di�culty of the task.

This method discretises the possible relationships between an agent, its goal, and

any potential obstacles on the way into �ve states (low safety 1 or 2, depending

on whether there are obstacles on one or both sides of the agent; high safety with

the goal in the obstacle-free region, high safety with a wide obstacle-free area, or
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high safety with a narrow obstacle-free region) [97]. The strategy employed to

command agent steering will in turn depend on the state.

Sampling-based motion planning

The above methods rely on an explicit representation of obstacles in the available

space, which is used to �nd a solution. As mentioned, this can be computationally

intensive in high-dimensional spaces or spaces with many obstacles. To avoid

this problem, a series of sampling-based methods emerged in the 1990s [98] [99].

Instead of formulating a complete map of the available space, these methods connect

points sampled randomly from the available space in order to build a graph of

feasible trajectories. The way such a graph is built is what di�erentiates alternative

sampling-based methods. For instance, two of the most widely used algorithms in

this class are probabilistic roadmaps (PRM) and rapidly exploring random trees

(RRTs). The probabilistic roadmap approach is one where coordinates in space are

picked at random. Samples that contain obstacles are discarded, and collision-free

samples are retained as waypoints. Each waypoint is linked by straight paths to

its nearest neighbours, and obstacle-free links are retained as possible paths. Thus

space is represented as a network graph of possible paths, which can be used to

search for a path from any given start point to a target location. Meanwhile, RRTs

form a tree-like graph connecting sampled points, where every node is connected

to a single parent, and the tree has a root at the start location. Similar to PRM,

as new positions are sampled, they are connected to the existing graph if they

represent free space. Another tree is grown rooted at the target location following

this procedure, and after every new node is added to a tree, the algorithm attempts

to bridge the node with the closest node of the tree rooted at the start position to

create an obstacle-free path between the start and goal locations. RRTs can �nd

a feasible motion plan relatively quickly, even in high-dimensional space, making

them a popular option in robotics applications.
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1.4.1.2 Heuristic methods

Unlike classical methods, heuristic methods do not rely on a priori knowledge on the

environment an agent is moving through. Instead, they use simple, prede�ned be-

haviours to solve complex scenarios, making them reliable in dynamic environments.

Heuristic methods are less computationally intensive and tend to �nd a solution

more rapidly than classical approaches. However, heuristic-based algorithms do not

always reach a solution. Many heuristic algorithms have been inspired by nature

at a variety of scales, from gene to whole organism behaviour.

Bug algorithms

Despite their name suggesting a biological origin, bug algorithms are only loosely

inspired by alleged insect behaviour and in fact, evolved from maze-solving algo-

rithms [100]. They are a non-optimal method to �nd the route between two points,

and assume only local knowledge of the environment - but global knowledge of the

goal position. In the standard bug algorithm, an agent moves directly towards the

goal state. If an obstacle is encountered, the boundary of said obstacle is followed

until the beeline to the target is once again unobstructed, at which point the agent

resumes its trajectory towards the target. These work well for avoiding a single

obstacle but are slow and do not extend to complex environments.

Genetic algorithms

Genetic algorithms (GAs) fall under the broader category of evolutionary algorithms.

They are a search and optimisation technique modelled on the process of natural

selection, with their �rst application to computer science proposed by [101] in

1975. Evolutionary algorithms can provide global solutions to complex optimisation

problems, and increase the probability of exploring near-optimal solutions early

on. In the robotics application, a population of randomly generated individuals

each represent a speci�c solution to the problem. Individuals that provide a

better solution to the problem � i.e. have higher �tness � are more likely to pass

their information to subsequent generations by crossover. Mutations maintain the
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diversity in the population and prevent premature convergence. In an unfamiliar

environment, GA path planners represent a robust search method, requiring little

information about the environment to search e�ciently. The algorithm is terminated

when the population has converged.

Swarm intelligence

In ethology, we think of swarm intelligence as a collective behaviour where individuals

interact with each other in a decentralised system. Applying this to path planning,

such an approach divides the problem into an exploration and a search phase.

Individuals communicate data to others and combine self-generated data and data

generated by others to determine the direction in which each agent should travel.

We observe this type of behaviour most clearly in colonial animals such as bees and

ants, which has resulted in path planning algorithms named after such organisms,

with the best known being the ant colony optimisation (ACO), based on ants'

use of pheromones for decision-making [102], and the arti�cial bee colony (ABC)

algorithms, based on bees' waggle dance [103].

Gap arrays

In 2012, Sezer and Gokasan [94] proposed an alternative way of approaching

movement through cluttered environments, framing the problem as gaps in the

environment to aim towards rather than obstacles to avoid. In this way, sensors

detect gap arrays instead of obstacle arrays. The resulting algorithm, named follow-

the-gap (FGM) selects the gap around the agent with maximum angle size as a

target and steers the robot towards the midpoint of that gap. This FGM method has

proved to be one of the safest and most e�cient algorithms for obstacle avoidance

[104] and has been used to model pigeons negotiating cluttered environments

[105]. Nonetheless, calculating the heading angle to the centre of a gap based

on angular size can put the agent at risk of collision in certain scenarios, such

as when obstacles are not stationary [106].
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The brief account of obstacle avoidance algorithms above illustrates how most

reactive approaches generate motion commands for an agent, that is, in stages.

First, a desired direction of motion is determined, and then a steering command

is generated to move the agent in the required direction. Similarly, in this thesis,

I break down the problem of negotiating cluttered spaces into two steps, with

the �rst being how to decide on a direction of travel amongst available options

and the second being how this decision is then implemented. Steering controller

implementation in biological systems is reviewed in chapter 2. In the general

discussion (chapter 5), I pick up on how elements of the above algorithms have

in�uenced the thinking in this thesis.

1.5 How are obstacle-laden spaces perceived while
navigating?

In order to determine how animals decide on a direction of travel, it is important

�rst to understand how complex environments may be perceived. Collisions while

moving at high speed have severe �tness consequences, so safety is likely to be

prioritised by animal systems. As established, the follow-the-gap algorithm is among

the safest models of obstacle avoidance in man-made systems. But reframing the

problem of moving through cluttered spaces from perceiving objects (repellers) to

sensing available opportunities (gaps) opens up a further question: how does an

animal choose between potential gaps (targets)?

Visual systems can segregate objects in the environment from the background

to perceive potential obstacles. Gaps, on the other hand, represent negative space

(a lack of obstacles). Their de�nition is therefore arbitrary and will depend on

which elements of the scene an animal perceives as separate from the background.

This is illustrated in �gure 1.3. Depending on the distance at which objects in the

environment are considered to be relevant to a decision, the gap to be targeted

is likely to change. For instance, assuming an animal is aiming to maximise the

distance to obstacles it moves past, it would make sense to follow the rule proposed

in the FGM method: aiming for the middle of the largest gap. Such a rule has
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Figure 1.3: Perceiving clutter An example obstacle distribution, with the agent at the bottom
looking on. Coloured semi-circles represent "areas of attention": the area around the agent in
which objects are considered to be separate from the background. Obstacles are shaded according
to the area of attention they would fall under. The dashed line is the line of sight from the
agent to each obstacle. The projections of the obstacles that would result in the observer's retina
are shown in the box at the bottom right. Again, each circle corresponds to an obstacle in the
sample distribution. Depending on how far ahead the observer looks, the largest gap is in di�erent
positions.

been previously used to model pigeon �ight in obstacle-laden environmental set-ups

[105]. However, the diagram in �gure 1.3 illustrates how ambiguous such a rule is.

Depending on how gaps are de�ned, the resulting steering aim would be in di�erent

positions. If only the obstacles shaded in red are considered in determining what

the largest available gap is, the steering aim would be roughly perpendicular to the

agent at the midpoint between the two leftmost red obstacles. However, if the area

of attention of the agent extends beyond the three closest obstacles to the green

line, for instance, this would no longer be the case. As can be seen on the retinal

projection diagram on the right, the largest visual gap in the green area of attention

is in fact, mostly to the left of the midpoint of the largest gap in the red area of

attention. In turn, the steering aim would be roughly30� to the left of the agent if
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it were to aim at the midpoint of the largest visual gap available in the green area.

The position the agent ends up in based on this initial steering aim would then

a�ect what is considered the largest gap at the next time step. Thus trajectories

can diverge quite signi�cantly based on the distance at which obstructions between

the agent and its goal are considered to form visual gaps rather than being part

of the background. Moreover, selecting the largest available gaps based on the

positions of obstacles close by is likely to lead to zig-zagging trajectories, as has

been noted in robotic systems applying FGM methods [106].

Determining what is perceived as a gap and how animals make decisions between

available clearances is thus not a trivial question. To the best of my knowledge,

this has not been addressed in previous work with animals. In chapters 3 and

4, I explicitly address this question, attempting to model how two species choose

between available gaps in ecologically relevant tasks.

1.6 Why these study species?

1.6.1 Pigeons

The homing pigeon (Columba livia) has long been a favourite subject for research

on the sensory and spatial representation mechanisms that guide avian navigation,

as well as animal cognition, more broadly. Domestic pigeons o�er a range of

favourable traits that makes them suitable for use in behavioural and neuroscienti�c

experiments. They are a long-lived species, living up to 20 years in captivity, and as

a result, can be trained, tested and even re-trained for extended periods. They are

easily available and quickly adapt to human handling, minimising the e�ect of stress

on experiments relative to wild populations. Moreover, they respond well to training

via operant conditioning and are highly motivated by food. Like other birds, they are

highly visual, with a major portion of the endbrain dedicated to visual processing,

and their visual system has been studied in detail. They have also shown impressive

cognitive abilities, such as forming complex perceptual categories to enable them

to discriminate unfamiliar paintings from two artists [107]. Their spatial abilities

have been widely studied both through release studies looking at their navigational
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abilities and laboratory experiments exploring the mechanisms by which they form

cognitive maps (for reviews of each of these, see [108], and [109] respectively).

Pigeons' eyes occupy approximately 50% of their skull volume, compared to

roughly 5% in humans [110]. Like other prey species, pigeons have lateral eyes

with panoramic visual �elds spanning roughly300� [111], which allows for increased

acuity in the visual �eld, as larger images can be focussed on the retina. They have

rich colour vision, and colour perception, with four cone receptors with spectral

sensitivities ranging from the ultraviolet (320 nm) to the far red (650 nm) [112].

Their retina contains red, orange and yellow eye droplets, which anatomists have

used to distinguish between retinal areas. Thus, the area of the retina with a high

concentration of red and orange oil droplets was given the inventive name of the

red �eld. This �eld has an area of enhanced acuity corresponding to the binocular

section of the visual �eld directly below the beak. It is linked with behaviours

requiring short-range vision, such as feeding and pecking [113]. The aptly-named

yellow �eld projects instead into the lateral monocular visual �elds and contains

its own high acuity area with high ganglion density (the fovea centralis) associated

with monitoring predators and conspeci�cs [113].

1.6.2 Trigger �sh

Teleost �sh inhabit almost every aquatic niche on earth [114], making them a

valuable study system in investigating how aquatic animals have evolved to solve

spatial problems relative to their terrestrial counterparts. My study species for

Chapter 4, Picasso trigger�sh (Rhinecanthus aculeatus), is a marine �sh from

the order Tetraodontiformes typically found in shallow reef �ats throughout the

Indo-Paci�c ocean. The inter-tidal zones occupied by this species are usually

shallow (<20m depth) and brightly lit. Still, the tidal movements to which they are

exposed also makes this an unstable environment due to irregular water currents

disturbing sediment and sometimes breaking up and displacing coral reef or other

environmental structures. The high availability of visual information this species can

extract from their environment relative to teleosts that occupy dark environments
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in deeper waters or caves, together with a habitat that naturally provides complex

spatial navigation problems, therefore, makes trigger�sh a promising candidate

to study visual decision-making in space.

Their territorial behaviour means they can be kept in isolated tanks whilst

maintaining natural behaviour [115], making them easy to keep in laboratory

aquaria. They have also proven to be bold, highly responsive to food rewards,

and well inclined to train for complex tasks using operant conditioning, making

them an excellent study species for behavioural experiments. As such, they have

recently been used in studies investigating how �sh collect, process and use spatial

information to navigate through their environment accurately [116], as well as many

studies investigating visual processes, including the segregation of objects [117], the

e�ect of caustics on object detection [118] and perception of visual illusions [117]

amongst others. The knowledge acquired from these studies forms an invaluable

basis for considering the sensory cues and mechanisms that may enable �sh to move

through complex environments. Still, the question of how they choose between

available options in space remains largely unanswered.

1.7 Structure of thesis

This thesis is structured into a series of papers, each with a self-contained introduc-

tion and discussion. Accordingly, supplementary materials to each self-contained

chapter are included per chapter. The main chapters included in the thesis each

tackle di�erent aspects of how to solve the problem of moving through structured

space. This represents the work carried out in the second half of my DPhil.

In the �rst half of my DPhil, I worked primarily on perching in zebra �nches.

The work involved two parts, with the �rst considering the relative importance of

the visual and vestibular systems to balancing on a perch, and the second looking

at how birds approach a perch. The �rst part of the work was carried out at

a collaborator's lab at the University of Washington due to facilities at Oxford

being unavailable as a result of the Tinbergen crisis (who knew a building hosting

two entire Oxford University departments could become unusable from one day to
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the next!). Zebra �nches were assessed for their ability to perch using high-speed

infrared videography and perch torque measurements in light and dark conditions

over several weeks. Birds were treated with an antibiotic that had been previously

used in humans and other birds to disable the vestibular system temporarily. Sadly,

we struggled with getting the correct dosage for the zebra �nches, resulting in

some of the birds dying and the birds on which the rest of the data was collected

not having a high enough dose to draw any meaningful conclusions about the

importance of the vestibular system.

In the second half of the work, we recorded zebra �nches �ying towards a moving

perch in a purpose-built aviary �t with motion capture cameras. We initially

expected the zebra �nches to respond as a linear system would, where the frequency

of the input (perch movement) would have been represented in the output (bird

movement, e.g. horizontal velocity towards perch). The experiments were thus

designed to test this hypothesis, with a perch attached to a rotary motor to enable us

to vary the speed and amplitude of the oscillation independently. The second part of

the experiment, which introduced multi-sines, was designed to test whether the birds

were making use of any forward planning. However in practice, it was not possible

to get both multiple oscillations and the birds to land, and we found the birds

landed on a very small subset of the conditions we had planned to test even after

extensive training. Due to the motion capture cameras only being available for me

to use for part of the year, this resulted in a much smaller sample size than we would

have liked. This was the �rst time mocap had been used on such a small bird, and

sadly the tracking was not anywhere near as good as we expected. Moreover, I later

developed an allergy to pigeons which meant that going back to repeat or extend

data collection with the zebra �nches -or indeed pigeons- was no longer an option.

As a result of one of the three species that I had intended to work with during

my thesis proving to be an unfruitful avenue, and the work being less directly

related to that of fruitful experiments, I have excluded work relating to zebra �nches

from the main body of my thesis. I instead provide a small sample of this work

as a self-contained short appendix chapter. While the research I carried out with
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�nches proved to be inconclusive, the abortive attempts at processing the data from

a force-balance sensor as well as the motion capture system proved instrumental

in developing the data pipeline for the work that is included in the main body of

the thesis. Below, I provide a brief summary of the motivation and aims driving

the work in each chapter that did make it into the thesis.

In Chapter 2, I take a guidance approach to study how birds steer towards

a gap. I borrow terminology from the missile guidance literature to frame this

problem in the same context as pursuit behaviour but using a stationary target.

Pigeons were recorded manoeuvring through a gap with the aim of determining

their steering dynamics. This was the �rst of a series of two experiments trying

to establish a model of obstacle avoidance. The experimental design simpli�es

the problem of moving through complex environments to selecting between two

available gaps, using homing pigeons tracked through motion capture and guidance-

based simulations to help understand the underlying steering mechanism used while

moving through complex environments.

The overarching goal of Chapters 2 and 3 was to develop a full model of how

pigeons navigate cluttered environments, by combining the steering controller we

established in Chapter 2 with the model of how pigeons choose between available

clearances. To establish a decision model, in chapter 3 I record 17 pigeons �ying

through an arti�cial forest of obstacles using motion capture. For the purposes

of analysis, the trajectories are discretised into a series of 7 choices in each �ight,

corresponding to established transitions in the obstacle arrangement. At each

time point, features the animals may be attending to are extracted from the

trajectory data and experimental set-up, and their relative impact on the birds'

decisions is analysed.

In Chapter 4, I consider another species that habitually travels through highly

structured environments in a very di�erent medium: water. The experiment was

designed to echo the experimental design of Chapter 3 (looking at gap selection in

pigeons), to allow broad comparisons to be made between the two systems. I pick

up on these in the general discussion but focus the discussion in this chapter on
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the data collected in the �sh experiment. Five trigger�sh were recorded moving

through an obstacle �eld consisting of vertical poles resembling their natural habitat

in coral rubble. We test how environmental and individual characteristics a�ect

the gaps the �sh swim through, and relate this to their ecology.

The last chapter of this thesis is a general discussion of the common themes

between the chapters. I synthesise the �ndings of my thesis, discuss the limitations

and implications of the research and provide recommendations for future research.
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2.1 Abstract

The ability of birds to �y through cluttered environments has inspired biologists

interested in understanding its underlying mechanisms, and engineers interested

in applying its underpinning principles. To analyse this problem empirically, we

break it down into two distinct, but related, questions: How do birds select which

gaps to aim for? And, how do they steer through them? We answered these

questions by using a combined experimental and modelling approach, in which we

released pigeons(Columbia livia domestica)inside a large hall whose open exit was

separated from the release point by a curtain creating two vertical gaps�one of

which was obstructed by an obstacle. We tracked the birds using a high-speed

motion capture system, and found that their gap choice seemed to be biased by

their intrinsic handedness, rather than determined by extrinsic cues such as the size

of the gap or its alignment with the destination. We modelled the pigeons' steering

behaviour algorithmically by simulating their �ight trajectories under a set of six

candidate guidance laws, including those used previously to model target-oriented

�ight behaviours in birds. We found that their �ights were best modelled by delayed

proportional navigation commanding turning in proportion to the angular rate

of the line-of-sight from the pigeon to the midpoint of the gap. Our results are

consistent with this being a two-phase behaviour, in which the pigeon heads forward

from the release point before steering towards the midpoint of whichever gap it

chooses to aim for under closed-loop guidance. Our �ndings have implications for

the sensorimotor mechanisms that underlie clutter negotiation in birds, uniting this

with other kinds of target-oriented behaviours including aerial pursuit.

2.2 Introduction

When B.F. Skinner proposed using pigeons to guide �ying vehicles in World War II

[119], he may have been onto something. Pigeons have colonized complex, cluttered
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urban environments throughout the world, which they negotiate successfully at high

speeds. They achieve this visually, aided by their panoramic (300� ) �eld of view,

and by visual processing some three times faster than a human's [39]. However,

rather than using operant conditioning to train pigeons to pilot vehicles by pecking

at a screen as Skinner proposed, a better approach might have been to study the

guidance algorithms by which they steer their �ight. Here, we set out to do just

that, using a combined experimental and modelling approach to investigate how

pigeons steer towards gaps. This work is closely inspired by previous research

on pigeons �ying through a dense forest of vertical poles [105], but reduces the

problem to its simplest level, by presenting the birds with a binary choice between

an obstructed or unobstructed gap through which to �y.

Algorithmic approaches to the study of goal-directed behaviours [120] have been

successful in explaining the detailed �ight trajectories of pigeons negotiating clutter

[105], and bats [121], raptors [122�124], and �ies [125] intercepting prey. These

studies use di�erential equations to build simple phenomenological models that

are capable of accurately describing complex behavioural data. This approach

models behaviour as a dynamical input-output relationship governed by a guidance

law treating the animal's motion (e.g. its horizontal turn rate) as a control input

that is commanded by feeding back the sensory output the behaviour produces

(e.g. information on the target's relative position or motion). Di�erent guidance

laws will in general produce di�erent behaviours. For instance, guidance laws

using di�erent sensory information typically generate trajectories from di�erent

families of curves, yielding variation that can be used for model selection and

identi�cation in relation to empirical data.

The sensory information that is most relevant to guiding target-oriented be-

haviour describes the direction of the line-of-sight vector connecting the subject to its

target. This is characterised by two angles: the line-of-sight angle (� ), de�ned as the

angle between the line-of-sight and some arbitrary inertial reference (e.g. true North);

and the deviation angle (� ), de�ned as the angle between the line-of-sight and the

subject's velocity vector (Fig. 2.1). Driving the deviation angle� to zero causes

42



the subject to �y directly at its target, whereas driving � to some non-zero angle

produces a spiralling approach. It can therefore make sense to use both the deviation

angle � and its time derivative _� to control turning. In contrast, unless there is

a reason to drive an approach towards some particular bearing, the line-of-sight

angle � is not itself used to control turning in target-oriented �ight. On the other

hand, because� remains constant for any pair of objects on a direct collision course,

driving its time derivative _� to zero leads naturally to interception. For this reason,

the line-of-sight rate _� is often used to control turning in target-oriented �ight.

Apart from shaping the resulting �ight trajectory, the choice of what sensory

information to use has implications for how it is obtained. For instance, if head

movements are used to look directly at the target, then the output of the vestibular

system can be used to estimate the line-of-sight rate_� . Identifying which input

variables best model an animal's steering output therefore has important implications

for understanding the underlying physiological mechanisms. Moreover, because

it is only the motion of the subject relative to its target that matters in target-

oriented �ight, the same guidance laws can be applied to both stationary and

moving targets. This opens the possibility of unifying target chasing and clutter

negotiation behaviours under one common algorithmic framework. To this end, we

begin by reviewing the guidance laws that have been used to model target-oriented

behaviours of both kinds to date.

2.3 Algorithmic framework

Inspired by the types of controllers used in the engineering literature, early attempts

to model the steering of animal �ight [126] looked for a proportional relationship

between the subject's turn rate (_
 ) and the deviation angle (� ). The simplest form

of this proportionality corresponds to the guidance law_
 (t) = kP � (t � � ), called

pure or proportional pursuit [123], wherekP < 0 is the guidance gain,t is time, and

� � 0 denotes a �xed delay. Pure pursuit drives the deviation angle� towards zero,

thereby causing the subject to aim its �ight directly at its target. A simple variant

called deviated pursuit drives the deviation angle� towards some nonzero constant
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Figure 2.1: Geometry of target-oriented guidance behaviour. De�nition sketch showing:
the line-of-sight angle � measured between the line-of-sight (grey line) from pigeon to target, and
some arbitrary inertial reference direction (dashed line); the track angle
 measured between
the bird's ground velocity vector (blue arrow) and the inertial reference direction (dashed line);
the deviation angle � measured between the line-of-sight from bird to target (grey line), and the
pigeon's velocity vector (blue arrow). The arrangement of the tracked headpack markers is shown
schematically.

� 0 with _
 (t) = kP [� (t � � ) � � 0]. This causes �ight to be aimed at a point ahead of

a moving target, which promotes e�ective interception of a moving target (cf. pure

pursuit, which leads directly to a tail chase), but produces a spiraling trajectory

about a stationary target, which could help to steer �ight around, rather than into,

an obstacle (cf. pure pursuit, which leads directly to a collision).

Because the performance of a proportional controller can often be improved by

adding derivative feedback, several studies have looked for the involvement of an

additional derivative term kD
_� (t � � ), where _� is the rate of change of the deviation

angle, andkD < 0 is the associated guidance gain [105, 126]. The addition of

this derivative term anticipates the changes in deviation angle that are the basis

of proportional pursuit, but commands high turning rates if the deviation angle

44



changes rapidly, which can cause instability at high gain. Because derivative control

has no inherent tendency to correct for any constant o�set in the deviation angle,

it is usually only used in combination with proportional control, but we also test it

in isolation to aid in statistical inference. Adding an integral term to the controller

is not expected to be useful in this context, given that driving the deviation angle�

to any small angle is su�cient to bring the subject to its target (see above).
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Other plausible steering controllers command turning in proportion to the

angular rate of the subject's line-of-sight to its target( _� ), measured in an inertial

frame of reference. The simplest form of this proportionality corresponds to the

classical guidance law of homing missiles,_
 (t) = kN
_� (t � � ), called proportional

navigation [122]. This guidance law has been used to explain the attack trajectories

of raptors [122, 124, 127, 128], and e�ectively combines a proportional controller's

tendency to correct a constant error signal with a derivative controller's tendency

to anticipate changes in the error signal. It achieves this by driving a constant-

bearing approach to the target, which typically leads to interception, rather than

tail-chasing, of moving targets atkN > 1. This guidance gainkN is usually called

the navigation constant and is conventionally denotedN , but we write it here as

kN for consistency with our notation for kP and kD .

In contrast to proportional pursuit, proportional navigation is considered an

optimal guidance strategy, in the sense that it can be tuned to minimize the steering

e�ort needed to hit a non-manoeuvring target [136]. Here, steering e�ort is de�ned

as the sum of the squared lateral acceleration command, and non-manoeuvring

means that the target is either stationary or �ying in a straight line. These

properties make proportional navigation an appealing candidate for gap-oriented

steering, but previous research on gap-aiming behaviours in birds has focused

only on guidance laws involving the proportional-derivative guidance termskP

and kD [105]. Proportional navigation can also be used to model deviated pursuit

when kN = 1, which matches the subject's turn rate_
 to its line-of-sight rate

_� , and therefore tends to keep the deviation angle� constant at its initial value

� 0 = � (0) (see Fig. 2.1). We make use of this fact to avoid having to �t� 0 as a

second free parameter in this single-input guidance law and do not model deviated

pursuit explicitly here (Table 2.1).

Di�erent linear combinations of thesekP , kD , and kN terms have been used to

formulate mixed guidance laws of the forms shown in Table 2.1. For example, mixed

kN kP -guidance has been used to explain the attack trajectories of hawks pursuing

manoeuvring targets [123], whereas proportional-derivativekP kD -guidance has been
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used to model pigeons steering through clutter [105]. Finally, thekP kD controller that

Lin et al. [105] used to model gap aiming behaviour in pigeons was originally tested

with the addition of a delayed damping termkS _
 (t � � ) that we do not model here.

Whereas guidance laws can be used straightforwardly to model the target chasing

behaviours of birds [122�124], using them to model clutter negotiation behaviour

poses several new challenges. A key contribution of the pioneering work by Linet al.

(2014) was to treat clutter negotiation not as an obstacle avoidance behaviour, but

as a gap targeting behaviour, thereby enabling its treatment as a classical guidance

problem [105]. Framing an animal's movement through a �eld of obstacles as a

sequence of consecutive gap-aiming events [105] avoids the need to model more

complex attractor-repeller type behaviours, but risks over-�tting if there are many

obstacles, and hence multiple gaps, present. Moreover, a key challenge in applying

this framework is the need to de�ne what constitutes a target, and�following

from this�the extent to which obstacle avoidance behaviour can be described as

target oriented movement at all. This is because an animal's perception of what

constitutes a gap may be di�erent to how an experimenter de�nes it [137]. How

an animal perceives a gap will depend not only on the visual angles subtended by

the objects in the environment [105], but also on background brightness [137], and

the subjective distance at which the animal treats an object as an obstacle relevant

to gap choice. It follows that the gaps between obstacles are virtual constructs

that are liable to change as an animal moves.

In this paper, we therefore use a simpli�ed experimental setup to identify the

mechanisms of gap choice and gap steering independently. Using a forced binary

choice protocol in which one of the gaps was partially obstructed allowed us to

test whether the birds �ew towards the gap providing the greatest clearance, or

whether they used some alternative method of gap selection. Forcing the birds to

manoeuvre towards one of two divergent positions also gave us su�ciently varied

trajectory data to test alternative guidance laws modelling their steering (Table

2.1), and to test whether pigeons target the physical centre of the gap between

obstacles as Linet al. proposed [105].
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2.4 Methods

2.4.1 Subjects and training

We usedN = 12 homing pigeons(Columba livia domestica)aged from 2 to 10 years

as subjects (Supplementary Data S1-S2), choosing this sample size to be at least

twice that of related studies of gap negotiation behaviours in birds [105, 138]. The

sex of these individuals is unknown, owing to the lack of unambiguous external

sex characteristics in this species. The birds were reared at the John Krebs Field

Station, Wytham, Oxford, UK, as members of a free-ranging population provided

with ad libitum access to food and water in the home loft to which they returned

voluntarily. The most experienced non-retired individuals of the population were

selected for experiments in order to minimise distress to the animals.

Experiments took place over a four week period from mid-November to mid-

December 2018. The birds were caught from their loft immediately before the

experiment, and released by an experimenter in a large indoor �ight hall with

one of its ends open to the outside. The birds usually returned directly to their

home loft, which was located within 80 m of the exit. Each subject was released

in the empty �ight hall on �ve consecutive days prior to experimentation, to

ensure familiarity with the location and its relationship to the home loft before

introducing any obstructions. All testing was approved by the Animal Welfare

and Ethical Review Board of the University of Oxford's Department of Zoology

(permit number APA/1/5/ZOO/NASPA), and we monitored the feather condition

and �ight behaviour of the birds throughout the study for any signs of stress.

2.4.2 Experimental set-up and protocol

Experiments were undertaken in a �ight hall measuring 20.2 m by 6.1 m, with

a minimum ceiling height of 3.8 m. The walls of the hall were covered with

camou�age netting to provide homogeneous visual contrast. Flicker-free LED lights

provided a mixture of direct 4000 K illumination and indirect 5000 K illumination

at approximately 1000 lux, which was designed to mimic overcast morning or
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evening light conditions. Most of the back wall of the building comprised an

open roller shutter door providing natural daylight illumination, presenting a

much brighter scene than the interior of the �ight hall. The ambient weather

conditions and position of the sun's disc were a source of uncontrolled variation

in brightness during the experiments. To minimise such variation, experiments

were only undertaken during overcast days.

On each day of experiments, the pigeons were collected from their home loft,

and �tted with a rigid plate attached to their head using eyelash glue (Duo Quick

Set Strip Lash Adhesive Clear Tone). This was �tted just before the start of each

recording session, and was removed at the end of the release. Each plate had

a unique asymmetrical con�guration of three or four 4 mm diameter spherical

retro-re�ective markers for motion capture purposes (Vicon Motion Systems Ltd,

Oxford, UK). Each pigeon was taken out of its carrier box individually in the �ight

hall, held for a minute at the release point to acclimatise, and then released to �y

freely by the experimenter opening their hands. The next pigeon was only taken

out of its carrier box once the preceding bird had exited the �ight arena and was

out of sight. After all the pigeons had been released, they were collected from

the loft to be released again. On a typical test day, we would carry out three

releases per pigeon. Testing was only conducted on clear days, and the markers

were removed from the pigeons at the end of each day.

Pigeons were released at 1.2 m height approximately 2 m from the front wall of

the hall, within � 1 m of the midline. From there, they �ew through one of two �oor-

to-ceiling gaps created to either side of a heavy black curtain hung across the hall,

approximately 7 m ahead of the release point (Fig. 2.2A). These symmetric vertical

gaps were approximately 1.2 m wide, and hence up to roughly twice the wingspan

of the birds. The aperture of the roller door was not visible to the birds at the point

of release, but �ying through either gap enabled the pigeons to see and reach this

aperture, from where they could exit the building (Fig. 2.2C). Their home loft was

located a short distance (approximately 80 m) behind and to the left of the building

(Fig. 2.2B), so was occluded from view until the birds had exited the �ight hall.
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We placed a 4.0 m high obstacle in one of two �xed positions in each of the front

and back sections of the hall (Fig. 2.2A). Each obstacle consisted of a pair of 0.3 m

diameter white expanded polystyrene cylinders taped together side-by-side, giving

high visual contrast against the background. The two obstacles were placed 2 m

away from the curtain along the longitudinal axis of the �ight arena to obstruct

the most direct path from (i) the release point to either the right or left gap (front

obstacle); and (ii) either the right or left gap of the curtain to the midpoint of the

open shutter doors (back obstacle). We randomised the side on which the front

and back obstacles were placed at the start of each release, and maintained the

same obstacle positions for all the individuals on a given release to minimise the

time that they were kept waiting in their carrier boxes. The back obstacle was not

visible to the pigeon until it had reached the gaps on either side of the curtain,

and is not considered further here. Here we focus exclusively on the behaviour

of the birds in the front section of the hall, between the release point and the

curtain. Given that the curtain was located 9.0 m into the hall, we assume that

both gaps would have appeared similarly bright to the birds were it not for the

placement of the front obstacle (Fig. 2.2).

2.4.3 Motion capture

We used an array of 22 high-speed motion capture cameras (Vantage 16, Vicon

Motion Systems Ltd, Oxford, UK) and 4 reference video cameras (Vue, Vicon

Motion Systems Ltd, Oxford, UK) to record the �ights. Cameras were mounted

3.0 m above the �oor on sca�olding �xed around the perimeter of the room. The

cameras were arranged so that any marker within the recording volume would be

visible to at least three cameras, which enabled automatic reconstruction of its

3D coordinates by the motion capture system. Sensor resolution for the Vantage

cameras was 4096� 4096 pixels at a 200 Hz frame rate and 1 ms shutter speed. A

strobe unit on each camera emitted infrared light at 850 nm, which falls outside

the visible spectrum of the birds [139]; an optical �lter blocked light at other
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Figure 2.2: Experimental setup. (A) Flight arena viewed from above. Pigeons �ew from the
release point (marked as grey a bird outline) to the outside through the open roller door. The
path was obstructed by a curtain, creating gaps on either side for the pigeons to �y through. The
area from the release point to the curtain covers the region of interest in which target-oriented
steering �ight was modelled, from release point to gap. Obstacles were placed in front of (and
behind) the curtain on alternate sides. The positions of these are represented as either a white
obstacle formed by two circular columns or two dashed dark green circles signalling the position
at which there was no obstacle in this sample trial. (B) Aerial view of experimental area relative
to pigeon home lofts. (C) View out of the experimental area from the open shutter door. Note
that buildings are visible to the left.

wavelengths. For the Vue cameras, the sensor resolution was 1920 x 1080 pixels

at a frame rate of 100 Hz and a shutter speed of 2 ms.

The camera system was calibrated at the start of each day of experiments.

Experiments only went ahead after each camera had been calibrated to an image

error accuracy of� 0.4 pixels for the motion capture cameras, and� 1.2 pixels for

the reference video cameras. Flights were recorded using Vicon Nexus software,

which was manually triggered for each pigeon release, with calibration error being

checked at the start of each experimental session. The accuracy of the calibration

decreased gradually through the day, but the mean three-dimensional reconstruction

accuracy for all trials was 0.7 mm (Q1, Q3: 0.57, 1.26 mm). In addition to the
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