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Abstract

Finding structures and patterns in animal movement data is essential towards understanding a variety of

behavioural phenomena, as well as shedding light into the relationships between animals among conspecifics

and across different taxa with respect to their environments. The recent advances in the field of computational

intelligence coupled with the proliferation of low-cost telemetry devices have made the gathering and analyses

of behavioural data of animals in their natural habitat and in a wide range of context possible with aid of

devices such as Global Positioning System (GPS).

The sensory input that animals receive from their environment, and the corresponding motor output, as

well as the neural basis of this relationship most especially as it affects movement, encode a lot of information

regarding the welfare and survival of these animals and other organisms in nature’s ecosystem. This has

huge implications in the area of biodiversity monitoring, global health and understanding disease progression.

Encoding, decoding and quantifying these functional relationships however can be challenging, boring and

labour intensive. Artificial intelligence holds promise in solving some of these problems and even stand to

benefit as understanding natural intelligence for instance can aid in the advancement of artificial intelligence.

In this thesis, I investigate and propose several computational methods leveraging information theoretic

metrics and also modern machine learning methods including supervised, unsupervised and a novel combination

of both towards understanding, predicting, forecasting and quantifying a variety of animal movement

phenomena at different time scales across different taxa and species. Most importantly the models proposed

in this thesis tackle important problems bordering on human and animal welfare as well as their intersection.

Crucially, I investigate several information theoretic metrics towards mining animal movement data, after

which I propose machine learning and statistical techniques for automatically quantifying abnormal movement

behaviour in sheep with Batten disease using unsupervised methods. In addition, I propose a predictive

model capable of forecasting migration patterns in Turkey vulture as well as their stop-over decisions using

bidirectional recurrent neural networks. And finally, I propose a model of sheep movement behaviour in a

flock leveraging insights in cognitive neuroscience with modern deep learning models.

Overall, the models of animal movement behaviour developed in this thesis are useful to a wide range of

scientists in the field of neuroscience, ethology, veterinary science, conservation and public health. Although

these models have been designed for understanding and predicting animal movement behaviour, in a lot of

cases they scale easily into other domains such as human behaviour modelling with little modifications. I
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highlight the importance of continuous research in developing computational models of animal movement

behaviour towards improving our understanding of nature in relation to the interaction between animals and

their environments.
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Impact Statement

The advances in the field of computational intelligence and telemetry technologies have made the gathering

of behavioural data from a variety of sources including animals in their natural habitats easier and their

analyses feasible. This has made the study of animals under different conditions, habitats and scales possible

thus shedding more light into their behaviour with applications in understanding their decision making

processes, understanding factors governing their migration time, route and stopovers, tracking and monitoring

their welfare and not limited to the understanding of how environmental variables influence their behaviour.

In this thesis, I have addressed a variety of problems that have potential impact across a wide range of

disciplines involved in animal movement behaviour studies. The problems addressed in this thesis in addition

to the results and analyses carried out have implications for researchers in the field of animal movement

behaviour including ethologists, neuroscientists, veterinary physicians, conservationists as well as public

health practitioners. Outside of animal behaviour, a considerable portion of the methods proposed in this

thesis can also be used to model human behaviour. In general, I have developed computational techniques

that often scale beyond the exact animal/species used in this thesis and are useful in modelling the behaviour

of other animals with some characteristics similar to the ones considered in this thesis.

In chapter three of this work, I have investigated several information theoretic metrics towards mining

animal movement data while in chapter four, I have come up with automatic machine learning methods for

finding and quantifying abnormality in sheep movement patterns. These methods altogether are useful for

poultry farmers and veterinary physicians in automatically monitoring real time the health and welfare of

animals in their care. As a consequence, they tend to benefit from improved diagnosis, reduced labour and

improved efficiency in their daily work. In addition, it is important for assessing the efficacy of therapeutic

interventions in preclinical trials during drug discovery and development.

In chapter five of this work, the method proposed in forecasting migration patterns in Turkey vulture can

help address biodiversity and conservation problems which is a core component of the united nations (UN)

sustainable development goals. Outside of animal behaviour, it can be used in forecasting the onset of a

disease for healthcare applications given some physiological measurements.

In chapter six, I have proposed methods with the potential to help address some of the global health risks

such as avian flu and other zoonotic infections spread by migratory birds. Outside of this application, the

techniques proposed can help address data bias issues for classification tasks in light of recent efforts at
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reducing the biases in machine learning models.

Finally, the approach proposed in building predictive models of sheep movement behaviour in chapter seven

for example has implications in understanding the neural basis underlying decision making processes of sheep

and other animals potentially given the right set of longitudinal measurements. Beyond the study of animal

behaviour, this approach can be used in other fields where understanding and prediction of behaviour is

becoming increasingly important such as sport analytics, virtual assistants and in assisted living technologies.

The results and findings of this thesis have either been published or under review in journals, conference

and workshop venues thus making them accessible to researchers and policy makers who will potentially

benefit from the findings.
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Chapter 1

Introduction

In this chapter, the aims and objectives of this thesis are addressed as well as the thesis structure.

Movement behaviour data of animals and by extension humans contain a wealth of information for

understanding a wide range of phenomena. This is useful for example in answering important biological

questions associated but not limited to migration, feeding, reproduction, social relationships, conservation,

decision making and general physiological wellbeing. This dataset of movement behaviour is even of more

paramount interest to scientists in the field of neuroscience, conservation, neuro-ethology, zoology and

veterinary science for a variety of reasons. While a neuroscientist wants to understand the neural basis

underlying animal movement behaviour, a conservationist is curious for example to understand how climate

change has affected breeding or stopover sites of migrating birds.

Due to technological advances in manufacturing low cost miniaturised sensors, modern tracking devices

such as Global Positioning System (GPS) and accelerometer are becoming ubiquitous for gathering movement

behavioural data at varying resolutions and spatiotemporal scales across continents. This makes it possible

for animal behaviour researchers to answer previously unanswered important and challenging questions.

Analysing, modelling and obtaining useful insights from the vast amount of movement data collected from

these sensors however can be a daunting and challenging task due to the limitations arising from the data

collection process itself such as missing data due to loggers failure, non-stationarity, biasness, multimodal

nature of behaviour data, presence of noise and most importantly due to the limitations of popular classical
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statistical tools. Developing computational methods leveraging state of the art statistical and machine

learning methods is therefore essential so as to be able to obtain the necessary utility from this data, answer

new and previously unanswered biological questions in addition to generating new hypotheses.

Given the rapid and continuous advances in the field of machine learning and artificial intelligence, new

capabilities for understanding and obtaining insights from data are spurring new wave of discoveries across

a wide range of scientific endeavours. Techniques such as supervised, semi-supervised, unsupervised and

reinforcement learning models are finding useful applications to scientists in the biological sciences for example

in drug discovery [1], mammography [2], protein folding [3], disease progression [4]. While advances in these

biological fields appear to be progressing at a fast pace with the aid of these techniques, their application

in the field of animal behaviour is slow most especially in the field of animal movement behaviour. In this

work, I leverage these advances in computational intelligence to build models of animal movement behaviour.

These models find applications across a variety of animal movement behaviour related fields details of which

can be found below.

1.1 Objectives

The essence of this thesis is to develop computational methods (leveraging machine learning models) useful

in modelling the movement behaviour of animals in a wide range of context. The models proposed here have

been broadly divided into three groups in light of current developments in the field of machine learning by

leveraging supervised and unsupervised techniques as well as a novel combination of both. While doing

this, I aim to address several biological questions relating to relationship between animals, leadership and

association, factors underlying decision making and migration patterns among others. Also from another

perspective, a great portion of this thesis is devoted towards studying decision making in animals as it affects

movement behaviour across scales.

To be specific, the thesis aims to address several questions defined broadly as:

• Can automatic means of quantifying abnormal movement behaviour in sheep with Batten disease using

unsupervised machine learning techniques be developed?

• Can recurrent supervised deep learning models with backward and forward integration of information

be a better model of forecasting migration patterns compared to models without these capabilities?

• Can recurrent supervised models with some pseudo objectives be a better model for sequential data
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given the presence of an imbalanced distribution of classes?

• Lastly, can a hierarchical recurrent model leveraging supervised and unsupervised methods be a

better model of multimodal movement behavioural data compared to some alternatives?

1.2 Contributions

In this thesis, I have proposed several computational models of animal movement behaviour broadly focused

on addressing issues bordering on health and welfare of animals, understanding and modelling the movement

behaviour of sheep as well as understanding and forecasting migration patterns and stop over decisions of

migratory birds among others. In particular, I made the following contributions:

• In chapter three, I showed how simple information theoretic metrics can be used to find patterns in

animal movement data across a wide range of context, taxa and scales. This has been demonstrated

using publicly available animal movement data from different species across several spatiotemporal

scales.

• In chapter four, I developed unsupervised machine learning and statistical techniques for automati-

cally quantifying abnormal movement behaviour in sheep with Batten disease.

• In addition, in chapter five, I developed a bidirectional recurrent deep learning model capable of

forecasting fine-grained migration patterns in birds and to be precise Turkey vulture (Cathartes aura)

using supervised methods.

• Furthermore, in chapter six, I proposed a bidirectional recurrent network with pseudo loss objectives

to forecast stop over-decisions of the Turkey vulture using supervised methods.

• Lastly, in chapter seven, I developed a predictive and generalisable model of sheep movement behaviour

in a flock which has the potential to help understand the decision making process of sheep using both

supervised and unsupervised methods.

1.3 Associated Papers and Abstracts

The contributions in this thesis have either been published, under review or about to be submitted and are

listed below:

33



• Owoeye, K.A., Musolesi, M. and Hailes, S., (2018). Characterizing animal movement patterns across

different scales and habitats using information theory (preprint).

• Kehinde, O. & Stephen, H. (2018). Online Collective Animal Movement Activity Recognition.

Modeling and decision-making in the spatiotemporal domain workshop, NeurIPS 2018, Montreal,

Canada.

• Kehinde, O. (2019) On the challenges of modelling long term animal behaviour in complex environ-

ments. Learning Meaningful Representation of Life Workshop, NeurIPS 2019, Vancouver, Canada.

(Abstract)

• Kehinde, O. (2020) Forecasting Avian Migration Patterns using a Deep Bidirectional RNN Augmented

with an Auxiliary Task. Special track on AI for Computational Sustainability and Human well-being

IJCAI 2020.

• Kehinde, O. (2020) Preventing Future Outbreaks: A case for global surveillance of wild migratory

birds. Workshop on Machine Learning for Global Health, ICML 2020.

• Kehinde, O. (2021) Forecasting Stop-over decisions of Migratory Birds using a Deep Bi-RNN with

Pseudo loss objectives, IJCNN 2021.

• Kehinde, O., Musolesi, M. and Hailes, S., (2021). Quantifying Unusual Neurological Phenotypes in

Collective Phenotypes (preprint).

• Hierarchical Compositional Representations with Relational Memory for Learning to Herd (In prepara-

tion).

1.4 Thesis Structure

The rest of the thesis is organized as follows:

• I review related literature in chapter two where previous works relevant to the contributions are

discussed.

• Chapter three is dedicated towards investigating several non-parametric information theoretic metrics

towards mining animal movement data, while chapter four is focused on the development of automatic
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methods for quantifying abnormal movement behaviour in sheep with Batten disease.

• While in chapter five, a bidirectional recurrent deep learning approach is proposed towards forecasting

migration patterns in Turkey vulture, chapter six is dedicated towards forecasting the stop-over

decisions of this bird.

• In chapter seven, I investigate a novel combination of several deep learning methods towards building

a predictive model of sheep movement behaviour in a flock.

• The thesis is concluded in chapter eight with further discussions on conclusion and potential future

directions vis-a-vis the contributions of this thesis and other related problems.
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Chapter 2

Literature Review

In this chapter, I review relevant literature with respect to the contributions in this thesis.

I discuss related literature under three broad themes representative of the major contributions to this thesis

highlighted in the previous chapter, in addition to discussions on deep learning methods applied to the study

of animal behaviour as well as other literature towards providing some contexts to the understanding of several

concepts in this thesis. More specifically, first, I will discuss sensor technology and its role in understanding

animal movement behaviour followed by classical techniques for understanding animal behaviour. Then I will

discuss related literature in the area of machine learning for animal welfare and anomaly detection, followed

by migration and stop-over in migratory birds and then animal behaviour modelling and decision making

using artificial intelligence. This chapter ends with a review of concepts relevant to understand some of

the methods used in this thesis and their justification followed by deep learning methods relevant to the

contributions of this thesis and animal behaviour study in general.

2.1 Sensor Technology & Applications in Understanding Animal

Behaviour

A number of sensor technologies such as cameras, GPS, accelerometers, magnetometers and Radio-frequency

identification (RFID) have been used in studying animal behaviour. However, since the focus of this thesis
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is on animal movement data that have been collected using GPS loggers, I give a brief overview of the

technology behind the operation of this sensor and the associated challenges of deploying it to collect animal

movement data. Sensors generally operate by converting physical measurements into measurable electrical

signals. For instance, the GPS is a sensor technology that uses a network of satellites with microwave signals

transmitted to receivers to keep track of location real time using a constellation of at least three satellites.

These satellites use their distances to the GPS receiver obtained by transmitting a signal to the receiver, as a

radius to construct a circle each with the intersection of all three circles deemed as the the location of the

receiver1. The first deployment of these devices for animal tracking dates back to the 1990s [5] with more

deployments in later years as the manufacturing cost of these devices reduced greatly.

Problems with using these GPS devices for tracking animal movement however include, interference from

certain atmospheric conditions including storms and obstacles such as buildings and trees, jamming, battery

exhaustion or failure and detachment from the body of the animals when used in the wild. This leads to the

degradation in the quality of data collected or in the worst case, the loss of a huge chunk of data. Probabilistic

methods that can handle uncertainties can however help alleviate some of these problems and will be explored

a lot in this thesis while trying to obtain the necessary utility from these data.

2.1.1 Applications in Understanding Animal Behaviour

Below, I describe the applications of these sensors in the animal behaviour research community under three

themes.

2.1.1.1 Understanding Migration Patterns

I review literature where migration patterns of animals have been studied using GPS sensors here. The list

though not exhaustive provides an overview of applications in this regard. Just recently, [6] used geolocator

tags to track the migration pattern of the Canadian Eastern Whip-poor-will (Antrostomus vociferous).

They concluded that southeastern united states as well as the Guatemala and Mexico provinces should be

considered as potentially important locations for these animals due to their tendency to have stopovers as

well as hibernate respectively in these locations. In a similar vein, [7] used geolocator tags to track the

migration patterns of red-backed shrikes (Lanius collurio) in Western Europe. The outcome of their analysis

showed that while these birds fly straight from their non-breeding area in Southern Africa back to Western

Europe, they do not fly straight from their breeding ground in Europe to the non-breeding ground during

1Also known as trilateration.
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autumn. Instead, they fly via south east Europe a strategy alluded to the potential benefit of wind during

the autumn although they did not rule out the influence of other factors. Using satellite tags, [8] investigated

the influence of wind on the migration patterns of fledgling honey buzzards (Pernis apivorus). They showed

that 49% of the variability in the bird’s longitudinal displacements was accounted for by wind conditions

during migration.

2.1.1.2 Monitoring Animal Welfare

Behaviour most especially movement behaviour can be an indicator of the overall well-being of an animal.

In this section, I briefly review recent works carried out in this regard where sensors have been deployed

to monitor the welfare of animals as this improve accuracy of diagnosis as well as make the work of most

farmers less laborious. The weight of pig can be an indicator of their overall welfare and to estimate the

weight, [9] used a top-view camera to analyze motion and estimate the weight of pigs without any form

of human intervention. Using audio sensors, [10] showed how the sound emitted by a cow can be used to

detect oestrus. Similarly, [10] used audio sensors to detect respiratory diseases in a group of pigs. Due to the

adverse effect of aggression among pigs on economic returns and welfare, [11] used a kinetic depth sensor to

detect aggressive behaviour in a commercial pigpen. Bearing in mind the growing economic cost of stress

to the poultry industry due to to its negative effect in the overall wellbeing of chickens, [12] developed a

non-invasive audio-visual sensor to notify farmers of a stressful situation in a commercial poultry facility.

While in [13] with the use of proximity loggers, the relationship between the social life and productivity of a

dynamic group of dairy cows was investigated.

2.1.1.3 Other Applications

Sensors have been deployed in a variety of other applications for studying animal behaviour. For example, [14]

using GPS loggers studied how the wandering albatross adjusts its foraging movements at different scales

with respect to prey capture. Similarly, [15] with the aid of GPS trackers investigated the role of olfaction in

the foraging trips of incubating Scopoli’s shearwaters within the Mediterranean sea while [16] studied the

effect of density dependent effect on the foraging behaviour of the brown pelican (Pelecanus occidentalis)

originating from several breeding colonies in the subtropical northern Gulf of Mexico. With the aid of GPS

collars, [17] assessed the foraging behaviour of cattle grazing semiarid rangeland in eastern Colorado. With

respect to habitat selection and conservation, [18] investigated the influence of vehicular activities on mule

deer habitat selection in Western Wyomig using GPS sensors attached to the deer and infrared sensors on
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the road. The impact of human development on the movement of wolves was investigated by [19] with the

aid of GPS. Migratory route of the wildebeest (Connochaetes taurinus) was mapped out by [20] with the aid

of GPS to define areas that are well protected.

2.2 Classical Techniques for Understanding Animal Movement Be-

haviour

Here, I will discuss existing techniques for studying animal movement behaviour under three themes similar

to [21]. These three themes are, quantifying movement patterns, identifying change points and identifying

hidden states. I expatiate on this below.

Quantifying behaviour: Quantifying movement patterns of animals is important and useful for measuring

a variety of animal movement phenomena. I highlight several important metrics used to quantify animal

movement patterns here.

• Displacement, Step-length [22, 23]: A measure of the distance covered between two consecutive

points.

• Velocity [24]: This represents the displacement relative to time.

• Net-squared Displacement [25]: Measures the squared displacement between the first and current

relocation of a trajectory.

• Turn-angle [23]: Quantifies the magnitude of change in direction.

• Straightness index [26], Tortuosity [27], Sinuosity [27]: Quantifies how curved an animal’s

trajectory is.

These metrics and techniques while useful for quantifying a variety of animal movement phenomena, can be

inadequate for some other phenomena in light of current deployment of GPS sensors in novel environments

for different applications. Therefore, the limitations of some of these metrics will be shown in this thesis and

some ways to get around them.

Change points: Identifying behavioural change points is critical towards understanding changes in the

behaviour of animals. The use of wavelet was suggested by [28] to identify behaviour segments in animals.

The same approach was used by [29] but in their case a discrete version of this wavelet was used to identify
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change points in the time series of movement of the Adult Lesser Black-backed gulls as well as [30] who used

the discrete wavelet to identify behavioural modes in Turkey vultures (Cathartes aura). A likelihood based

method for detecting significant change points was proposed by [31]. This approach applies a sliding window

over a continuous time series signal to detect points that are different from the rest. Other method include

change point test [32] that detects significant changes in the turn-angle between the starting point and the

point of interest in a trajectory.

Hidden State: To reveal the underlying processes behind complex movement data, various state space

models have been proposed to identify the hidden states from observational data. The most popular among

these model even outside of the animal behaviour research community is the Hidden Markov Model (HMM).

For instance [33] showed how to predict behavioural states in the Woodland caribou using metrics such

as displacement and turn angle with the aid of the HMM. Due to the variability in the number of hidden

states between conspecifics and even animals of different species, [34] used the hierarchical bayesian state

space model to analyse the movement data of 14 Leatherback turtles during their southward migration from

Canada. To correct for errors in observational data, [35] used a state space model together with Kalman

filter to model the internal behavioural state and the proximate movement response of the elk with respect

to several environmental variables.

2.3 Machine Learning for Animal Welfare & Anomaly Detection

Machine learning is fast becoming a useful tool for assessing animal welfare and holds promise most

especially for automating behaviour measurement for welfare assessment. I discuss related literature in this

area here under two themes. First, I will discuss machine learning methods and their applications in animal

welfare and then discuss machine learning methods for anomaly detection.

2.3.1 Machine Learning for Animal Welfare

Beyan & Fisher [36] used a hierarchical classifier to detect novel as well as abnormal fish movement in an

aquatic habitat. Using features such as velocity, acceleration and turn angle among others, their corresponding

principal components were extracted. The principal components were clustered and, together with the labeled

data, a hierarchical classier that leverages similarity of data was built and showed good classification accuracy.

To detect anomalous patterns in the behaviour of fishes real-time for applications in monitoring the cause

and progression of diseases or even death, [37] used a real time object detection deep learning method to
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monitor their postures. For aquatic toxicity detection and abnormal pattern analysis in aquatic animals in

general using computer vision, see [38] for a synopsis.

Several authors have also proposed different methods to automatically diagnose the health of animals by

monitoring their cough using intelligent systems. While Giesert et al. [39] used a Hidden Markov Model to

classify coughs into two groups (coughs from healthy pigs and coughs from pigs with respiratory infections),

Sa et al. [9], used a motion history image-based method to differentiate the motion peculiar to a coughing

animal from other movement patterns. In a similar vein, a neural network was used to analyze patterns in

pigs’ vocalizations in order to distinguish between sick and healthy animals [40]. While with aid of several

machine learning algorithms, an early warning system was developed to detect sick broilers in [41].

In respect of pain assessment and measurement, [42] proposed a deep convolutional recurrent network for

pain classification in horses, stressing that spatio-temporal evolution of behaviour is essential in this task.

Similarly, to assess post-surgical and post anaesthetic effects on facial expression in mice [43], convolutional

neural architectures were proposed using Resnet architectures while in [44], the Inception V3 convolutional

neural net was leveraged to predict pain/no-pain in mice using images as input.

More recently, a novel method to detect pain levels in sheep was proposed by [45]. They showed that is

is possible to estimate the pain level in sheep using facial features alone. They argued that, by using the

Histogram of Oriented Gradients to describe the facial features, followed by training a separate classifier

for each feature using a Support Vector Machine, the pain level in Sheep can be estimated. To measure

the quality of sleep as well as investigate other forms of neurological dysfunction, [46] carried out an

electroencephalography study of sheep with Batten disease. Their results show that sleep abnormalities as

well as epileptic waveforms associated with children with Batten disease were also found in these sheep, thus

demonstrating the relevance of using these species for in vivo studies of human degenerative diseases.

2.3.2 Anomaly Detection

Here, I review methods on machine learning methods for anomaly detection2 looking at modern and old

approaches. While old methods are based on classical machine learning methods, modern ones leverage recent

advances in deep learning. For extensive review of deep learning methods for anomaly detection see [47].

Anomaly detection methods can be grouped into supervised3 and unsupervised models4. However, only the

2Anomaly detection can also be referred to as outlier/novelty detection.
3Supervised methods use previous instances of anomalous and non-anomalous data to train a model usually a classifier.
4Unsupervised models leverage the measure of surprise in a data with respect to a population to determine anomalous data

points.
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latter will be discussed here as they are most relevant to the methods I aim to use in this thesis. I will also

discuss deep learning methods for anomaly detection.

2.3.2.1 Unsupervised Anomaly Detection Methods

According to [48], unsupervised anomaly detection methods can be classified into five groups below.

• Clustering Methods: These set of methods [49, 50] are used to find similarities in data by grouping

similar datasets together. One key assumption using these methods is that anomalous data instances

belong to the small clusters while the normal data points belong to the bigger clusters. In this thesis,

these methods will be considered and investigated.

• Nearest-neighbour Methods: These methods [51, 52] uses a similarity metric such as the euclidean

distance to compute the distance between all data points with the assumption that normal data points

are closer in space than abnormal ones. One problem with using these methods is the choice of the

number of nearest neighbours to be considered.

• Statistical Methods: It is assumed using these class of methods [53, 54] that a data point is anomalous

if it’s not generated by an assumed model. The problem with using these methods in the real world is

that, in some cases, this assumption doesn’t hold true perfectly. In this thesis, some of these methods

will also be considered and investigated.

• Information Theoretic Methods: The information theoretic methods [55–57] for anomaly detection

uses concepts of entropy and complexity to look out for patterns in the information content of a data.

However, it can be difficult to detect anomalies in the data unless they are present in fairly large

quantities.

• Spectral Methods: The key idea behind these methods [58, 59] is that, the data is embedded in

a lower dimensional space where the anomalous data points can be found easily. The problem with

using these approaches naively is that the normal and abnormal instances may not be separated easily

sometimes as expected in the lower dimensional space.

For comprehensive information and description of the aforementioned methods, see [48].
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2.3.2.2 Anomaly Detection with Deep Learning

While deep learning models will not be used for anomaly detection in this thesis due to the quantity of data

available, I will discuss briefly relevant literature in this area. Generative Adversarial Networks (GANs) [60]

and Auto encoders [61] are two of the most popular deep generative models5. I will discuss the application of

both for anomaly detection.

GAN was used for for instance in [62] to identify anomalous image data using a residual loss function

coupled with the GAN loss objective to compute an anomaly score which expresses a fit between normal

generated images and a new query image. The auto-encoder on the other hand, leverages the reconstruction

error to identify anomalous data samples where higher reconstruction errors are expected for abnormal

samples and lower errors for the normal ones. See [63, 64] for instance for examples.

2.4 Forecasting Animal Migration and Stop-over Decisions of Mi-

gratory Birds

Forecasting animal migration and stop-over sites/decisions have some history but has received much

attention recently. Due to the proliferation of low cost sensors and advances in telemetry, useful datasets of

animal migration are becoming increasingly publicly available to enable animal behaviour researchers use a

data driven approach towards answering important biological questions regarding animal migration. In this

section, I discuss previous attempts in this area. In addition, I will also discuss relevant works in the role of

wild birds in spreading infectious diseases.

To mitigate the mortality of aquatic animals, to be specific European eels (Anguilla anguilla) due to harm

from hydroelectric power plants, [65] proposed a seasonal autoregressive integrated moving average to forecast

their migration in advance using datasets of silver eel migration from two fishing sites in North-western

France. The idea in this work was to minimize mortality by shutting down turbines. However, to minimize

down time as much as possible and, by extension, losses to hydropower producers, they argued it is imperative

to be able to precisely forecast the peak migration times of these animals.

Recently, [66] built a predictive model of spring migration intensity of birds in North America using radar

and weather data with the aid of XGboost. In a similar vein, [67] used radar measurements of bird densities in

5Generative models are models that tries to learn the underling distribution of a variable.
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the Netherlands to predict their migration intensities for applications in improved flight safety. The problem

with predicting migration intensities however is that, it cannot be guaranteed to be optimal for managing

some of the critical infrastructures causing these deaths as different birds potentially have different migration

timing across seasons.

Even more recently, evidence for a phenological shift due to climate change was provided by [68] using 24

years of archived radar data in North America. Their results revealed advancement in peak spring migration

by 0.6 days per decade with the effect highly correlated with latitude. While it is unclear from their analysis

where and when some of these changes occurred, as well as how it varies across species, tracking bird movement

at a finer scale as per the data used in this work has the potential to shed more light on some of these issues.

Similarly, the relationships between short term weather conditions to daily migration intensities of different

bird species were examined by [69]. Their analysis revealed how different populations and species respond to

weather conditions in varying ways while a maximum number migrate when the average weather condition is

fair.

Previously, using the dataset of white-fronted Geese collected over multiple years, [70] attempted to forecast

the stop-over sites of these birds with the aid of a Markov chain, using historical information. There are,

however, problems with this approach. First, forecasting stop-over sites that have never been used before

becomes difficult and, second, estimating the duration of stop-over is impossible, which can be useful for

planning purposes for instance by health authorities for the purpose of preparedness and response planning. In

a related work, [71] used random forest to determine important variables such as roads, ecotone, agricultural

land, among others, relevant to stop-over in the migratory whooping crane (Grus americana) for conservation

purpose while [72] reviewed various largely qualitative methods for estimating stop over duration in migratory

birds.

The role of migratory birds in spreading pathogens cannot be overemphasized. Recently, [73] showed the

avian influenza virus (AIV) migration rates are higher within flyways than between using a large scale data of

gene segments from multiple geographical locations. In a similar vein, [74] used information on phylogenetic

associations of virus isolates, migratory bird movements as well as trade in poultry and wild birds to estimate

the spread of the highly pathogenic avian influenza in several locations across the world. Also, [75] detected

the AIV in wild ducks moving between Europe and Asia using swab samples and fresh droppings. While the

approaches described here are mainly in vivo and partially in silico, the one proposed here is mainly in silico.

Lastly, [76] used serological data with environmental features to model the spread of the West-Nile virus in
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Greece using Geographical Information System technology .

2.5 Models of Behaviour and Decision Making in Animals

Recent advances in computational intelligence, most especially in machine learning, have accelerated

research in the modelling of animal behaviour for the purpose of understanding their decision making

processes with the development of tools that have made it easy for example to automate the tracking of

animals over long recordings and to annotate behaviour over these recordings [77]. The majority of the

methods relevant to this field can be classified into supervised and unsupervised methods. While unsupervised

methods allow the classification of behaviours without any prior knowledge regarding these behaviours and

can be used to detect behaviours that are novel, supervised methods allow the classification of behaviours

based on prior knowledge using some similarity metric [77]. There is a range of work however in this area

and I discuss some of it here.

In their bid to understand the neurological basis of mouse behaviour, [78] used 3D imaging with an auto

regressive Hidden Markov Model to learn the strategies these animals use to adapt to their environment.

Their results suggest that mouse behaviour is organized into sub-modules combined in such a way as to create

a coherent sequence of actions. They further showed that there may be three strategies6 that may be used by

the brain in implementing behavioural adaptation.

Recently, the authors of [79] tried to understand the decision making process of C. elegans from time series

data with the aid of inverse reinforcement learning to learn the reward function. Using a Linearly solvable

MDP [80], they were able to identify two main strategies used by fed worms, namely directed migration to

reach a specific temperature and isothermal migration to move along a constant temperature. Starved worms,

in contrast, use only the absolute temperature for moving away from temperature. Similarly, with the aid of

deep reinforcement learning, the authors of [81] used a virtual rodent to study motor activities across several

contexts while the rodent solved several cognitive tasks. Their experiments revealed the model encoded task

strategies using two representations. The problems with these body of work is that, the environment used was

either simulated or laboratory based and does not reflect the behaviour of these animals in the real world.

With the aid of deep generative models, the authors in [82] were able to model the sensory-motor

relationship that exists between fruit flies (Drosophila melanogaster) and their environment using a method

6Transition between behavioural modes is non-stationary, new behaviour can be created by changing the transition dynamics
between modes and there are adaptations in space as to where certain behavioural modules are activated
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that simultaneously classifies action whilst predicting motion. Still working with fruit flies, [83] attempted to

model the sensory processing of stimuli with respect to behaviour. The limitations of these approaches are

similar to the earlier ones discussed in terms of the challenges in generalising from restricted and artificial

environments in that, the state space is limited and the actions are relatively uniformly distributed. In

environments in which the animals being modelled exhibit different movement patterns that are skewed, live

in co-operative or competitive societies, these methods will perform poorly.

Finally, the authors of [84] modelled the behaviour of dogs using visual information collected from cameras

as input and inertial measurements of the limbs, tails and the back of the dog as output. The model, a

recurrent network with the support of pre-trained convolutional architectures directly predicts the actions

of the dog from clusters of the inertial measurements. Their aim was to learn visual intelligence using a

combination of behavioural data from these sensors.

2.6 Model & Concepts: Background and Review

Here, I will discuss relevant concepts and terminologies needed in understanding some of the methods used

in this work most especially as it affects the work on building models of decision making in animals and the

motivations behind them.

2.6.1 Interpretability

Understanding the decision making processes of modern deep learning systems has been of importance in

recent times and is necessary to enable these systems to be deployed in safety critical systems. While these

systems use a connectionist approach towards learning, it is often unclear how they arrive at their decisions.

Symbolic reasoning which involves specifying hard coded rules has been proposed as alternatives but it has

its own disadvantages too as things can become easily complicated given very difficult problems. One way

forward is to find a balance in the usage of both approaches by specifying soft and not hard coded rules or

priors that can be learned by neural networks7 and connecting them using architectures such as hierarchical

ones that allow these systems to have efficient representations vis-a-vis their decision making ability. I discuss

more on the concept of hierarchical representations in the section below.

7Also known as neuro-symbolic AI.
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2.6.2 Hierarchical Models

These are statistical models that exist at different levels of hierarchy with different parameters. While

there is evidence that suggests that human behaviour is hierarchical [85], recent evidence also suggests the

mouse behaviour may be hierarchical [78] and perhaps other animals as well. Due to the complex nature

of the behaviour of animals in their natural environment, these behaviours are better modelled using a

hierarchical framework where behaviour may be perceived at different levels of resolution and scale with

respect to time, activities and actions. This hierarchical modelling aside its role in cognition [86], offer many

advantages, enabling the learning of multiple tasks and dependencies [87] and as a consequence is able to

prevent problems like catastrophic forgetting [88–91] associated with modern neural networks while learning

sequentially multiple tasks.

2.6.2.1 Optimal Behavioural Hierarchy

While behaviour have been shown to have a hierarchical structure, recent work [92] has shown that

all hierarchies are not created equal. The optimal hierarchy as such is one that encourages behaviour to

be represented simply, ensuring quick adaptation in novel states or environments, also known as meta

learning [93, 94], while also enhancing learning and planning. In this dissertation, first, I will show why

architectures might be important for meta learning and also investigate and show why different hierarchical

structures provide varying representations with respect to learning tasks.

2.6.3 Innate behaviour

It has been suggested that animals and humans have structured brain connectivity and wiring [95, 96]

that is encoded in the genome and is passed from one generation to another. It is this wiring that perhaps

enables rapid learning and allows some animals to possess some intelligent behaviours shortly after birth. The

objective of this thesis with respect to decision making is therefore akin to learning some of the structures of

this internal wiring as it affects movement behaviour in sheep.

2.6.4 Modularity, Compositionality and Relational Reasoning

Solving complex and long range problem or tasks requires the development of skills or modules (modu-

larity) [97, 98] that are reusable. The notion of compositionality implies complex systems are composed of

simple modules that are reusable over time [99] and the capability of finding relationships between modules
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(relational reasoning [100]) is central to advanced intelligent behaviour. In this thesis, with respect to decision

making in animals, ideas from these three concepts are going to be investigated where the original movement

behaviour is decomposed into smaller behavioural modules using tree prior/structures where each child node is

connected to its immediate parent node via supervised learning (relational reasoning) and the whole network

uses these connections holistically to determine what modules to use (compositionality) given any stimuli.

2.6.5 Chunking/Clustering

To construct the modules described above, clustering also known as chunking is necessary. In a famous

and widely cited paper [101], chunking has been argued to be important in the memory for organization and

processing of information/sensory inputs. Meaningful chunks/modules as posited in this paper are useful and

I will show in this thesis why this is true.

2.6.6 Working and Short Term Memory

To see connections in time series data, working memory is important [102]. Working memory is short

term memory with limited capacity that enables the storage of information to guide decision making and

behaviour [102, 103]. In this work, I will use recurrent neural networks with a small number of cells to connect

parent nodes to the child nodes (factorized behaviour) so as to guide received stimuli to an appropriate

behavioural module containing the relevant action to take8.

2.6.7 Activity Recognition, Event Segmentation & Perception

Segmenting continuous behaviour or activities into meaningful events has been shown to be an important

core component of perception with implications in the neural processes underlying memory and learning [104].

Modern deep learning systems using completely unsupervised methods in form of auto encoders to learn

complex tasks struggle with learning semantically meaningful representations most especially over long

temporal horizons. For instance, with respect to human behaviour modelling, the sitting posture used at

home by an individual might be assumed to come from the same latent space as the sitting posture used in the

workplace. Segmenting behaviour along temporal dimensions with respect to a relevant meaningful context

is therefore useful to avoid problems of this nature. In this work, to ensure meaningful flow of information

coming from sensory inputs, the concept of collective animal movement/event recognition will be proposed

8These recurrent neural networks serve as relational memory networks tracking the relationships between entities in the
hierarchy.
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and used as a prior. The goal here will be to recognize and classify the movement behaviour of the flock in

such a way as to make learning and representation efficient and meaningful.

2.6.8 Imitation learning & Behaviour cloning

Imitation learning and behaviour cloning methods aim to copy behaviour in a given task. An agent here is

trained to perform a task by learning a mapping from observations to actions from demonstrations. This is a

supervised learning method and, in contrast to reinforcement learning, does not need the specification of a

reward function. The problem with this approach is that state domain is limited, and when an agent finds itself

in states not experienced during training (out of distribution problem), it gets lost. This problem is partially

solved via reinforcement learning where an agent is trained to explore even though it is expensive. Recent

practices, however, have leveraged the strengths of the two methods to obtain superior results [105–107]. The

approach to be proposed in this work aims to build on some of the ideas in these methods in combination with

new ones to build models that can generate behaviour in more complex environments over longer horizons.

2.6.9 Models

I give a brief overview of all the models that will be used here for clarity. These models belong to two broad

categories of supervised and unsupervised learning methods or, from another perspective, discriminative and

generative models.

2.6.9.1 Gaussian Mixture Model (GMM)

This is an unsupervised learning method that disentangles data into several clusters using a soft clustering

approach with a Gaussian prior using the expectation maximization algorithm. The output is a function of

several Gaussians each with a mean µk that defines its centre, a covariance matrix Σk that defines the width

and a categorical probability πk that defines the likelihood of a cluster where
∑K
k=1 πk = 1. In this work, the

GMM will be used to cluster the movement behaviour for easy processing and representation by the mixture

density network (see below for description of this network) since the output of this network is parameterised

by a mixture of Gaussians.

2.6.9.2 Feed Forward Networks

Also known as multilayer perceptrons, these class of neural networks map a fixed size input to a fixed size

output without any form of feedback in between by computing a weighted sum of the input while moving it
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from one layer to another via several layers of non-linearities defined by the activation functions [108]. Here,

it is the case that there is one input, one output and at least one hidden layer. When there is a feedback in

between the output and the input, the resulting network is called a recurrent neural network and I discuss

that below. In this work, the feed forward network is used to process the inputs used to learn the parameters

of the output of the mixture density network described below.

Input layer Hidden layer Output layer

Figure 2.1: Feedforward network with the input, hidden and output layers.

2.6.9.3 Recurrent neural networks (RNNs)

Deep RNNs have been shown to be useful in classifying time series and have been successful in handwriting

recognition [109] as well as speech recognition [110]. They are a rich class of models with the ability to model

long sequences. The Long Short-term Memory (LSTM)[111] network is a variant of the RNN designed to

store and access information better than the ordinary RNN. This variant will be used in this work. The

LSTM recurrent network is defined by the equations below:

it = σ(Wxi
xt +Whiht−1 +WciCt−1 + bi)

ft = σ(Wxf
xt +Whfht−1 +WcfCt−1 + bf )

Ct = ftCt−1 + ittanh(Wxc
xt +Whcht−1 + bc)

ot = σ(Wxo
xt +Who

ht−1 +Wcoct + bo)

ht = ottanh(Ct)

(2.1)

where it, ft and ot represent the input, forget, and output gate respectively. W ′s are the weight matrices,

xt is the current input data, ht−1 is previous hidden output, Ct is the cell state and σ is the logistic sigmoid

50



function while b′s represents the biases in the network.
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Figure 2.2: The long short term recurrent neural network.

2.6.9.4 Discriminative Models & Generative Models

Discriminative models are a class of supervised models that learn to discriminate between different

kinds of data. Generative models, in contrast to their discriminative counterparts capture the underlying

data generating process. Given two distributions X with labels Y , the discriminative model describes the

conditional probability P (Y |X) while generative models captures the joint probability distribution P (X,Y ).

Some of the models described above can either be deployed in a discriminative or generative framework with

both to be considered in this thesis.

2.6.9.5 Mixture Density Network (MDN)

The MDN proposed in [112], is a supervised generative model that leverages the representational power of

neural networks to parameterise a mixture distribution. Here, it is assumed the data is generated from a

mixture of Gaussians. A portion of the neural network output is used to learn the mixture weights while

the remainder is used to learn other parameters such as mean and standard deviation for each mixture

component. The mixture weight outputs are normalised with a softmax function so they form a valid discrete

distribution that sums to one. The mixture density network can be described using the equation below

where the parameters πi(x), µi(x) and σi(x) represents respectively the mixture weights, mean and standard

deviation of the ith Gaussian component and will be determined by the neural network. Y here represents

the actions, in this case a bivariate Gaussian of the velocities of sheep movement conditioned on the states X.
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P (Y = y|X = x) =

k∑
i=1

Πi(x)N (y, µi(x), σi(x)),

k∑
i=1

πi (x) = 1 (2.2)

2.7 Deep Learning Methods for Studying Animal Behaviour

While deep learning has revolutionised a lot of scientific endeavour, its application in the area of animal

movement is limited. Here, I review relevant literature in the area of deep learning methods for applications

in the field of animal behaviour inclusive of animal movement behaviour9 under two broad themes of feed

forward and recurrent neural networks, as well as convolutional neural networks (CNNs)10. For comprehensive

review of deep learning methods, see [108].

2.7.1 Feed Forward and Recurrent Neural Networks

Recently, deep learning models including recurrent and feed forward network models were used to simulate

the movement behaviour of Ant and the migratory black-backed gulls (Larus fuscus) [113]. Their analysis

revealed the Long Short Term Memory (LSTM) recurrent network performed best for long term simulations

amongst the deep learning models.

To predict diving in seabirds and by extension prevent global declines in marine ecosystems [114], a feed

forward network was used to model the diving behaviour of these birds with the problem formulated as a

classification task. In another work [115], deep feed forward networks were used to predict the overall dynamic

body acceleration using bio-logging tags attached to the body of the white shark. Motionless, walking and

trotting movements as well as gait behaviours were classified with the aid of feed forward neural networks

and wireless sensor networks for the study and remote monitoring of wildlife [116].

In this thesis, I will show the limitations of LSTM in modelling varied and biased animal movement behaviour

over longer horizons, and show how to overcome these limitations whilst investigating the performance using

several quantitative metrics over multiple datasets and context with respect to several animals.

9I consider literature that have never been mentioned previously in this review.
10Deep learning models can be classified majorly into feed forward networks, recurrent neural networks and convolutional

neural networks.
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2.7.2 Convolutional Neural Networks

To understand the functional relationship between brain and behaviour in animals, [117] investigated the

performance of three convolutional neural network architectures to model the behaviour of mice performing

several tasks. Most importantly, they showed the importance of transfer learning using pre-trained models in

accelerating the training of the convolutional neural networks for behaviour modelling. For pose estimation

in animals with applications in connecting neural activities with behaviour, CNN was also used on videos

of freely behaving fruit flies and mice to track points representative of pose of the head, body, wings and

legs [118].

In a bid to detect the presence or absence of whales in water bodies, [119] used satellite imagery with

convolutional neural networks leveraging pre-trained ResNet model. The task of identifying and re-identifying

bird species in both captive and wild contexts using CNN was considered in [120], using images contextually

different between the train and test data. In a similar vein, CNNs were used in [121] to identify individual

brown bears (Ursus arctos) for applications in conservation. Deep convolutional networks were also used

in [122] to classify several bird species using image patches located by the pose with their results showing

that a model that integrates lower-level feature layers and higher-level feature layers with unaligned image

features with pose normalization works best.

CNN has also been used to recognize and classify the behaviour of Drosophilas to know whether they were

on egg-laying substrates or not in contact with the substrate using frames from videos [123]. The focus of this

thesis however is to classify movement behaviour using mostly recurrent neural networks. But, I aim to use a

pre-trained convolutional neural network (CNN) model to map the stop-over habitats of some migratory

birds so as to understand the factors influencing their choice of stop-over sites.

2.8 Conclusion

In this chapter, I have reviewed previous literature under all the themes relevant to the contributions of

this thesis. This thesis aims to address some of the problems with existing work or tackle new ones that have

not been considered previously. More specifically:

• With respect to the welfare of animals, all the literature discussed above differ from the one of interest

in this thesis in that, first, I am interested in finding abnormal movement behaviour in sheep using data
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collected with non-invasive means. Second, I am using fully unsupervised machine learning methods

compared to previous works that have used mainly supervised methods.

• Regarding migration, while previous literature have largely focused on forecasting migration intensities

across a huge taxa, in most cases birds, analysing long-term migration patterns at a more fine grained

scale will be key towards shedding more light on some of the problems associated with using coarse-

grained data as obtainable in most of the literaure. Also, I will consider multiple fine-grained migration

states11 across two continents and formulate my prediction problem as a classification task which is

more optimal for managing critical infrastructures when used with more fine grained migration data. I

will also investigate in this thesis, new environmental and weather variables to know which are most

influential with respect to the migration states, using mutual information.

• With reference to models of stop-over in migratory animals, the work in this thesis differs in that while

some of the methods proposed are majorly qualitative, the work in this thesis is purely quantitative. In

addition, the task of estimating the stop-over length in this thesis will be considered from a forecasting

perspective compared to some of the reviewed literature that formulated the problem mainly as a

one-to-one classification task. Also, pre-trained convolutional neural network will be used towards

understanding the nature of the stop-over habitat using the land cover paradigm.

• And lastly, concerning models of decision making in animals, most of the works that have been carried

out in this field have been restricted to well controlled laboratory environments where the natural

behaviour of animals are highly restricted and the behavioural dynamics simplified. As recently argued

by [124], the use of unrestrained natural behaviour of animals is essential in understanding the true

neural basis of their behaviour. The work in this thesis will attempt to do just that by modelling

animal behaviour in more natural settings using modern machine learning methods. In addition, while

previous literature have focused on using a flat clustering to develop movement primitives, I aim to use

hierarchical clustering with a tree prior in this work and a relational memory to connect levels together

so the model can generalize over long horizons outside of laboratory environments. Also, evaluation

will be carried out over longer horizons compared to the short horizons used in previous works.

In the next chapter, I will review and investigate the application of several information theoretic metrics

towards mining animal movement data.

11Compared to just one migration state considered in previous literature.
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Chapter 3

Characterizing Animal Movement

Patterns Using Information Theory

Here, I review and discuss potential applications of key information theoretic metrics towards understanding

and finding relationships in animal movement data considering most of the contributions of this thesis

involve either understanding the way animals process the information arising from the sensory inputs they

receive or, how they respond to this information.

3.1 Introduction

Information theory has always played an important role in biology [125, 126]. It is a field that is devoted

to studying the storage, communication and quantification of information founded by Claude E. Shannon in

his influential paper [127] and lies at the interface of mathematics, statistics, computer science and electrical

engineering. While initial research in this field was mainly theoretical, a plethora of practical applications

have been witnessed in the past decades. For example, concepts and techniques from this field have been

used in several fields such as neurobiology [128], pattern recognition [129], cryptology [130], bioinformatics

[131], quantum computing [132] and complex systems [133, 134] with significant success.

Recently, due to technological advances, low cost miniaturized sensors have been increasingly adopted for

tracking the behaviour of animals across different scales and habitats. These sensors include, but are not
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limited to, Global Positioning System (GPS) receivers, accelerometers and radio-frequency identification

(RFID) tags. This has led to an explosion in the deployment of these sensors in different habitats, across

scales by animal behaviour researchers. A natural consequence of this development is that it is now possible

to try to quantify and understand a variety of aspects related to animal behaviour such as migration patterns

and routes, feeding, reproduction and mating patterns, conservation, monitoring of endangered species,

epidemic spreading, resource use, social behaviour and association. In the field of animal behaviour, GPS,

accelerometers and cameras are the predominant sensors deployed to measure several behavioural properties

of animals. I limit the discussion here to GPS sensors due to their ease of deployment and the apparent

simplicity of interpreting the data they produce as well as their consequent popularity relative to other

sensors. For example, GPS sensors have been used to study selfish herd behaviour of sheep under threat

[135], the hierarchical structures of group dynamics in flocks of pigeons [136], migration patterns in vultures

[137], productivity in cows [138], and social relationships in birds [139] just to name a few.

Information-theoretic approaches can provide complementary insights in the study of animal movement

behaviour. In other words, these approaches do not replace the existing ones, but they are able to provide

additional information about animal behaviour patterns, especially in terms of movement, which are not

apparent using other types of analysis. Probabilistic approaches are also usually more robust in presence

of noise, a common feature of sensor data. The number of applications of concepts and techniques from

information theory to analysis of animal movement in the literature is limited. However, information-theoretic

metrics have been used in the past for example to study predator-prey relationships [140, 141] in animals.

Here, I discuss how three classic information theoretic metrics, namely Shannon entropy [142], mutual

information [143] and Kolmogorov complexity (normalized compression distance) [144] can be effectively

applied to the study of animal movement and provide additional complementary insights about animal

behaviour [55]. In other words, I explore how they can be used as tools for studying animal movement data.

Indeed, the goal of this work is not to introduce new metrics, but to demonstrate the potential in using

information theoretic concepts to understand animal behaviour. I introduce each metric separately and then

I discuss how each metric can be applied to a practical problem, by discussing a case study in detail. More

specifically, I demonstrate how these metrics can be used to characterize the movement patterns of animals

across different scales and habitats. It is worth noting that these methods do not provide new ground-truth

information, but they allow for identifying emergent patterns and formulating hypotheses that can be verified

for example by means of further experimental observations in the field.
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3.2 Shannon Entropy

3.2.1 Overview

The information content of a random variable is defined by the Shannon entropy [142] as a measure that

quantifies the level of uncertainty embedded in such variable. In the case of animal movement, Shannon

entropy provides a useful quantification of the level of regularity and predictability of the movement of an

animal.

More formally, it can be defined as the uncertainty associated to a random variable X with realization x,

which can be described by the following equation:

H(x) = −
∑
x

p(x) log p(x). (3.1)

where p(x) is the probability density function and the summation is taken over all possible realizations

of X. The base of the logarithm is not important and can take any value, provided the same base is used

throughout the analysis.

Most of the information theoretic measures that exist today, some of which I will discuss below, are

derivations of the Shannon entropy. However, there are other several definitions of entropy such as Rènyi

entropy [145] and Tsallis entropy [146]. The discussion of these metrics is outside the scope of the present

work.

Due to the noisy nature of most datasets, probabilistic metrics are becoming increasingly useful for

modelling not only animal movement data but in general real world datasets to account for any form of

uncertainty inherent in datasets of this nature such as missing data. Therefore, entropy can be used for

assessing the overall welfare and well-being of animals instead of a metric like distance travelled. Most

animals are known to have a regular activity-rest pattern except under highly unfavourable conditions or

when they have some sort of impairment in their general well-being. This implies that animals are supposed

to have a relatively high entropy except for the period of harsh conditions when they are either aestivating or

hibernating. For this reason, entropy can be used to characterize the movement patterns of animals so as to

assess the state of their health. In addition, it can also be used in lieu of tortuosity to describe how tortuous

an animal’s path is using the turn angle as the input. The conditional entropy is an important element of the
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conditional mutual information and can be used for example in understanding swarm behaviour [147].

In the following subsection, I will consider a case study illustrating a possible application of Shannon

entropy to the study of animal behaviour and, more specifically, to the characterization of the movement

patterns of sheep with neurodegenerative diseases.

3.2.2 Case study: Shannon entropy as a tool for characterizing movement pat-

terns of sheep with neurodegenerative disease

The detection of abnormal locomotion patterns is essential for the early diagnosis of a number of neurode-

generative diseases such as Batten disease in animals. Sheep with neurodegenerative diseases such as Batten

disease are known to exhibit repetitive behaviours [46] over time due to gradual loss of motor skills [148] and

social awareness [149]. Here, I used Shannon entropy to characterize the movement patterns of a flock of

sheep comprising sheep with a natural mutation for Batten disease and their age matched control (mean age

of 2 years) group using the dataset of [150]. I used the trajectory of each sheep sampled every second and

computed the distance covered every ten minutes over eleven hours (20:00-07:00) each day for a total period

of six days. This time window was chosen in order to minimize the influence of external environmental noise

in the dataset. I further binned the resulting distance calculated in order to assign to each sub-intervals

symbols. To bin the data, given that the data has a skewed distribution, I used the head/tail classification

rule introduced in [151] resulting in 12 bins. First, I evaluated this approach on synthetic data where I created

two synthetic sheep sampling their distance covered from some random generalized pareto distributions. I

created ten of these distributions with different parameters. The abnormal sheep was allowed to sample from

just two of these distributions while the normal from all. Details of this can be found in Appendix A. The

entropy was calculated and results (Figure 3.1A) show the normal sheep had a higher entropy compared to the

abnormal sheep. Furthermore, the entropy for each sheep was computed (see supplementary material below)

as well as the mean entropy (Figure 3.1B) for the two groups of sheep. Results show that the Batten sheep

on the average had a lower entropy than the normal sheep with p-values (ANOVA) (0.0076, 0.1042, 0.2628,

0.0065, 0.0234, 0.0205) across the six days respectively. The potential impact of uncontrollable environmental

variables such as unfavourable weather conditions is significant and may influence the behaviour of the

sheep especially because the experiment was carried out in an open field. Therefore, the result should be

interpreted with caution. I compared the entropy of the two groups of sheep with their respective average

distance covered in (Figure 3.1C) and its mean variance (Figure 3.1D). The Batten sheep can be seen to have
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covered, on average, a longer distance over the period of observation thus giving a result that appears to be

uninterpretable compared to entropy.

Figure 3.1: Entropy, distance and variance comparison (A) Mean entropy with synthetic data; (B)
Mean entropy of the two groups of sheep across 6 days where the larger circles represent days when the mean
difference in entropy are statistically significant (One way ANOVA with p≤0.05). The sheep affected by
Batten disease can be seen to have a lower entropy due to the tendency to repeat the same behaviour over a
long period of time; (C) Mean distance covered by the two groups of sheep; (D) Corresponding variance of
the mean distance covered.
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3.3 Mutual Information

3.3.1 Overview

I now describe another classic information theoretic measure intimately linked to entropy, called mutual

information [143]. The mutual information of two random variables X and Y defines the mutual influence

one variable has over the other. Specifically, it quantifies the amount of information in one variable embedded

in the other. For this reason, mutual information can be used as a measure of association or social-grouping,

for example in the characterization of leader-follower relationship, group coordination and, more generally,

collective behaviour [152]. This can be further used to derive a social network [153] and its complementary to

the gambit of the group approach [154]. Mutual information can be used to measure non-linear relationships

between two variables. More formally, the mutual information of two discrete random variables X and Y ,

with realizations x and y respectively, is given by:

I(X;Y ) =
∑
y

∑
x

p(x, y) log
p(x, y)

p(x)p(y)
. (3.2)

In this, p(x) and p(y) are the marginal probability distribution functions of X and Y respectively and

p(x, y) is the joint probability distribution function of X and Y .

In the case of continuous random variables:

I(X;Y ) =

∫
Y

∫
X

p(x, y) log
p(x, y)

p(x)p(y)
. (3.3)

I now consider a potential application of mutual information, in its application to the study of association

in pigeons.

3.3.2 Case study: Mutual Information for measuring association and leadership

in pigeons

As mentioned earlier, the de-facto method used in the animal behaviour community for measuring association

is the gambit of the group otherwise known as co-location [154]. To detect significant associations and

minimize co-location by chance, a permutation test (random shuffling of associations) is often carried out
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[155]. However, it is difficult to identify a general method for defining co-location. Also, the directional

correlation delay time method1 used by [136] in reconstructing pigeon flight network structure can only detect

linear relationships leaving the non-linear relationships undetected.

I demonstrate how Mutual Information can be used to overcome the limitations associated with the methods

above by using it to measure association between pigeons in flight. I used the dataset of [156, 157] and select

flight 8 as the result was discussed in the literature in detail. I used the time-series of the turn angle of each

bird followed by the pairwise mutual information of these time series of the nine birds involved in the flight

to obtain a distance matrix (see supplementary material below). As expected, there will always be a certain

degree of association between all the birds in the flight, I used a randomization test to determine a threshold

for significant pairwise mutual information (see Appendix A). I further build a social network (Figure 3.2A)

to visualize the flight formation and the results appear consistent with two previous studies on pigeon flight.

First, I observed that pigeons do show a hierarchical formation when in flight as seen in (Figure 3.2A). This

is a result consistent with the observations in [136]. Also, I was also able to detect the leader as node M

during the flight which is the node M with one edge (Figure 3.2A)2 (see video of ground truth trajectory).

This result is also consistent with the ground truth in the literature [156]. I compared this approach with

three other methods: correlation coefficient, transfer entropy and Granger causality (Figure 3.2D-G). While

it is not straightforward to compare the performance of the four methods, one basis for comparison concerns

leadership. Mutual information shows the best performance in terms of leader identification accuracy followed

by the correlation coefficient. I attribute the poor performance of the transfer entropy and Granger causality

to the continuous change in positions of the birds when flying.

3.4 Kolmogorov Complexity

3.4.1 Overview

Finally, I describe a similarity metric influenced by Kolmogorov complexity (KC), a metric with foundations

in the field of algorithmic information theory. The Kolmogorov complexity of an object represents the shortest

computer program that produces the object as output [144]. More formally, the KC of a string x with respect

to a reference machine U is defined as:

1Measures how long it takes for one bird to change direction relative to another
2https://www.youtube.com/watch?v=19srQkTVTGE
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Figure 3.2: Flight dynamics of homing pigeons. Characterized by (A) Mutual Information(Kernel
Estimator)[158] (B) Mutual Information(Discrete & Continuous mixtures) [159] (C) Mutual Informa-
tion(Kraskov Estimator)[160, 161] (D) Correlation Coefficient (E) Transfer entropy (Kernel estimator)
[161] (F) Transfer entropy (Kraskov estimator) [161] (G) Granger Causality (p-value = 0.05) (H) Granger
Causality (p-value = 0.001) (I) Granger Causality (p-value = 0.0001). The tables presenting the pair-wise
values can be found in the supplementary material below.

min
z
{{l(z) : U(z) = x, z ∈ {0, 1}∗}. (3.4)

where z is a program that prints string x and then halts and l is the length. The concept of Kolmogorov

complexity can be used as an inference tool to find the shortest description of behavioural data. The smaller
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the KC of a sequence the regular or simple it is and vice-versa. I describe the Normalized Information

Distance (NID) [162], a similarity measure inspired by Kolmogorov complexity and defined as:

NID(x, y) =
max {K(x|y),K(y|x)}
max {K(x),K(y)}

. (3.5)

Due to the non-computability of the NID, the NID has been re-written [163] as the normalized compression

distance (NCD) by simply approximating the Kolmogorov complexity K, using a compressor Z. The NCD

between two strings x and y can be defined as:

NCD(x, y) =
Z(xy)−min {Z(x), Z(y)}

max {Z(x), Z(y)}
. (3.6)

Here xy is the concatenation of x and y. These strings can be documents, software, genomes or even images.

The NCD takes on non-negative values in the range 0 ≤ r ≤ 1 + ε with ε defined to take into account

imperfections in the compression methods. Please refer to [163] for more details.

The NCD has been used in a variety of disciplines for different purposes, such as anomaly detection [164],

gene expression dynamics [131], classification of music [165], detection and classification of computer worms

and viruses as well as detecting the origin of new ones [166]. Since the NCD has been shown to work well

with sequences and strings, it can be used, for example, in monitoring the behaviour of animals to know when

they deviate from a previously or commonly known sequence of states, for example because of climate change

[167]. It can also be used to quantify similarity in movement patterns of conspecifics across different habitats.

Species No of individuals Habitat Feeding strategy

African buffalo (B) 5 Land Herbivore
African elephant (E) 5(3) Land Herbivore

Black-backed jackal (J) 11(4) Land Scavenger
Burchell’s zebra (Z) 2(2) Land Herbivore

California sea lion (sl) 15 Water Piscivore
Galapagos albatross (A) 8 Land/Air Piscivore
Galapagos tortoise (T) 7(4) Land/Water Piscivore/Herbivore
N. elephant seal (SE) 14 Water Piscivore

Sheep & Sheep-dog (SD) 5 Land Herbivore
Springbok (Sp) 9(1) Land Herbivore

White-blacked vulture (V) 4(2) Land/Air Scavenger

Table 3.1: Summary of 85 individuals within 11 species used. The code in front of the species
represents the label codes used for each animals in the hierarchical clustering while the number in the bracket
under the no of individuals represents the number of animals with up to one year of observational data.
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3.4.2 Case study: Kolmogorov complexity as tool for classifying animal move-

ment patterns across scales

Animals across different habitats, scales, and species are known to have different movement patterns.

However, little or no study has been carried out to find out which groups of animals possess similar movement

strategies across different habitats and scales. Recently in [168], the authors discussed a classification of several

animals across different species into similar groups using principal component analysis on some movement

metrics with hierarchical clustering. Their result suggests that all animals organizes into four distinct groups

of movement syndromes namely migratory, central place, nomadic and territorial. In this case study, I analyse

the movement patterns of eleven animals (Table 3.1) across different spatio-temporal scales and habitats.

For this analysis, I obtained the datasets of the Galapagos tortoise (Geochelone nigra) [169, 170], Springbok

(Antidorcas marsupialis) [170, 171], African buffalo (Syncerus caffer) [170, 172–174], African elephant

(Loxodonta africana)(original unpublished data contributed by Miriam Tsalyuk and Wayne M. Getz)[170],

Black-backed jackal (Canis mesomelas) [170, 175], California sea lion (Zalophus californianus) (original

unpublished data contributed by Dan Costa)[168, 170], Galapagos albatross (Phoebastria irrorata) [176],

Sheep (Ovies aries) and Sheepdog [157, 177], Northern elephant seal (Mirounga angustirostris) [170, 178],

White-backed vulture (Gyps africanus) [170, 179, 180] and Burchell’s Zebra (Equus burchellii) [181, 182]. All

these datasets have the same 1 hour sampling period [168]. First, I evaluated the approach on synthetic data

details of which can be found in Appendix A. Results, with both short and long movement data shows the

synthetic animals can be separated distinctly into groups based on the distribution from which they sample

their velocities. Then, I compared the monthly movement patterns of all the 85 animals to find similarities

by computing their pairwise NCD with the gzip compressor [183] followed by hierarchical clustering of the

resulting distance matrix (see Appendix A below for details). The only metric used here was distance covered

every hour, which I further processed to its binary equivalent (strings of zeroes and ones). I refrained from

using the turn-angle here as it is an unreliable metric considering the noisy nature of most sensors. Results

(Figure 3.3) show three groups emerged: those that live on land (zebra, elephant, springbok, jackal, sheep

and buffalo), those that live in water (tortoise, sea lion and elephant seal) and those that fly (Albatross

and Turkey vulture). Amongst the animals that live on land, It can be noticed that there appears to be

some similarity between the movement patterns of the elephant and zebra while others seem to organize into

distinct groups of conspecifics. Therefore, I hypothesize that there might be a correlation between the feeding

and movement patterns of animals. I also observed a small number of unexpected classifications: for example,
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Vulture V1 was classified among the animals that live in water. A possible explanation is related to the

fact that the dataset is noisy. To find long-term similarities among animals movement patterns I compared

approximately one year movement data of 16 animals (Table 3.1) across six different species. I selected these

datasets due to their temporal length. Results (Figure 3.4) show that there might be some similarities in the

long-term movement patterns of vultures and jackals which are both scavengers. This supports a hypothesis

that there might be a correlation in the movement patterns of animals with similar feeding habits.

I compared this approach with the pairwise mutual information of the distance covered with respect to the

two instances discussed above (see Appendix A below).

3.5 Limitations and Open Challenges

I have highlighted the potential use of information theoretic metrics in obtaining insights about animal

movement and I have also showed the applications of these metrics to real animal movement data. However,

I would like to underline that these methods should be applied with caution given their inherent limitations.

First, the issue of missing data remains a challenging problem due to logger failure or inability to regularly

obtain position fixes. In addition, it suffices to state here that care must be taken while choosing the

appropriate amount of data from which inference can be made. For example, let us consider the analysis of

the similarities of the complexities of animals across different taxa and spatio-temporal scales. I identified

similarity only in the long-term movement patterns of jackals and vultures. This phenomenon might not

have been observed if datasets of shorter length had been used. Indeed the results derived from using the

measures presented in this paper should always be evaluated considering the corresponding temporal scale of

the dataset.

I issue a caveat on estimating probability density functions (PDF) of continuous movement data. At

the moment, most of the methods and tools available are based on the assumption of underlying normal

distributions. Considering that continuous animal movement data often follows skewed (e.g., power-law or

truncated power-law) distributions [184, 185], researchers employing some of the methods described here,

for example the Kullback-Leibler divergence, should exercise appropriate caution while estimating the PDF

of these distributions. In the present study, I took special precaution while computing the probability

distribution for entropy by binning the data around several mean values of the data in the direction of

skewness.
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Figure 3.3: Hierarchical clustering of the pairwise NCD of 85 animals spread across 11 species.
All the animals on average organize into three groups of those that live on land (green), those that live in
water (red) as well as those who fly (blue).
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Figure 3.4: Hierarchical clustering of the pairwise NCD of 16 animals. These animals are spread
across 6 species representing the movement patterns over a period of one year. The animals organize into
three distinct groups that are correlated with their feeding patterns.

Furthermore, appropriate methods for permutation and randomization must be used while determining a

threshold, for example for the calculation of the pairwise mutual information between animals in a group.

3.6 Conclusions

I have demonstrated the use of a class of non-parametric information theoretic tools for studying movement

patterns of animals and have showed how they can be applied by means of several animal movement datasets.

First, I have shown how Shannon entropy can be used to characterize the movement patterns of sheep with

Batten disease where the distance covered every ten minutes was used as the basis for generating symbols

to compute the entropy. The result shows that the Batten sheep have a lower entropy than their control

counterparts. Second, I have described the use of mutual information for detecting associations in animals

using pigeons as an example. Findings show that this method can be very useful in lieu of the widely used

gambit of the group approach. Lastly, I have described a metric with foundations in the field of algorithmic

information theory known as Kolmogorov complexity (normalized compression distance). I have used this

metric to characterize the movement patterns of animals across different taxa and spatio-temporal scales
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with results suggesting there might be a correlation between the feeding and movement patterns of animals.

These methods provide complementary insights in the study of animal behaviour. In particular, they can

be used to formulate new hypotheses regarding animal movement. In other words, they provide additional

information about animal movement that may not be apparent using other types of analysis. This class of

probabilistic methods is also usually more robust in presence of noise, which is inherent in location data.

In the next chapter, I will discuss the first application of unsupervised methods in this thesis towards

quantifying abnormal movement behaviour in sheep with Batten disease.
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Chapter 4

Quantifying Abnormal Movement

Behaviour in Sheep with Batten

Disease

In this chapter, I address the first question raised in this thesis: Can automatic methods to quantify

abnormal behaviour in sheep using unsupervised machine learning techniques be developed? Here, I

demonstrate in this thesis, the first use of unsupervised methods to quantify abnormal movement behaviour

of sheep with Batten disease in a flock.

4.1 Introduction & Motivation

The analysis of the movement patterns of different parts of the body such as eyes [186], muscles [187] and

legs [188] in humans and animals [189, 190] is important for assessing their overall welfare. Investigating

abnormal locomotion patterns, however, is key towards early diagnosis of a number of neurodegenerative

diseases [191]. Due to the insidious progression and terminal nature of these diseases, efficient and reliable

markers are becoming increasingly important to ensure people with these neurological diseases are diagnosed

early, given adequate and timely care, attention and treatment and also that the impact of such treatment can

be assessed objectively. Batten disease is a rare and fatal autosomal neuro-degenerative disorder [192], char-
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acterized by abnormal and involuntary movement patterns (choreoathetosis) [193], personality changes [194],

loss of vision [149], and loss of muscle control (ataxia) [148] in its sufferers. It is known to be the most

common form of a group of disorders called Neuronal Ceroid Lipofuscinoses (NCLs) and caused by autosomal

recessive mutations in the CLN gene [195] and to be specific the CLN3 gene. The gradual progression of

this disease and consequent worsening of symptoms has a profound negative impact on the quality of life

of its sufferers, making them less independent with time and resulting in death in the medium term. The

need to study the progression of this disease as well as develop therapeutic intervention schemes to be tested

has necessitated the use of animals [196] such as mice [197] and sheep [198] for carrying out several studies

in this respect. Sheep have brains that are closer to human than are those of rodents, both in terms of

size and structure. They also have a longer life-span than rodents, hence their choice for this study. Of

paramount interest amongst the symptoms associated with sufferers of this disease, however, is the abnormal

movement [193] pattern that can be attributed to the gradual changes in the structure of the brain as the

disease progresses. This abnormal movement pattern serves as a reliable marker in identifying the onset of

a neurodegenerative disorder such as Batten disease. But, doing this by manual visual inspection can be

laborious, time-consuming, inefficient and unreliable (Figure 4.1, right & centre). While using the distance

covered in its ordinary form over the period of observation seems like a good option, it turns out that this

metric is highly unreliable and uninterpretable (Figure 4.1, left & Table 4.1). There is, therefore, a need

to define reliable biomarkers for automatic detection and quantification of abnormal movement patterns.

Using standard anomalous identification techniques proves useful when there are two distinct populations of

normal and abnormal phenotypes in a flock but becomes inadequate when there are diverse phenotypes in

the population.

To this end, I propose two steps for automatically identifying sheep with unusual movement phenotypes in

a flock. First, I use conventional anomaly detection methods to find abnormal movement patterns given two

phenotypes in the flock and extend this approach to multiple phenotypes by using an information theoretic

approach to estimate the number of groups in the flock while assuming the anomalous sheep is in the smallest

group. I expatiate on these methods later below.

The rest of this chapter is organised as follows. First, I discuss the materials and methods used followed

by the experiments and then the results. The chapter is concluded by highlighting the limitations of the

methods used.
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Figure 4.1: Distance covered and trajectories of the sheep. Left: Mean distance covered every ten
minutes by the two groups of sheep on a typical day. Centre: Trajectories of the control/normal sheep. Right:
Trajectories of the Batten/abnormal sheep. The mean distance covered by the two groups show this metric is
highly unreliable and uninterpretable as the Batten sheep can even appear to be more active on the average
than the control sheep sometimes. This also applies to visualizing the trajectories.

Distance covered in Kilometres

Sheep ID Batten Disease Day1 Day2 Day3 Day4 Day5 Day6

1 No 3.71 4.06 8.30 1.97 2.50 5.56

2 No 4.39 4.71 11.996 2.50 2.92 3.14

3 No 4.11 3.97 6.31 2.80 3.51 4.05

4 No 3.53 4.15 7.50 2.93 3.59 5.12

5 No 3.79 3.16 3.904 2.27 3.02 2.49

6 No 4.39 4.33 6.71 2.08 2.36 3.85

7 Yes 1.685 2.90 3.46 2.166 3.16 2.67

8 Yes 4.91 9.15 14.396 19.78 5.38 3.24

9 Yes 8.67 5.76 9.40 2.92 4.63 4.86

10 Yes 8.29 8.07 1.75 4.973 5.04 9.46

11 Yes 2.50 3.68 5.91 1.83 3.51 3.60

Table 4.1: Distance covered. Table showing the 11 sheep of interest and the corresponding distance covered
in Kilometres over the course of observation during the six days of the experiment.
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4.2 Materials & Methods

4.2.1 Materials

4.2.1.1 Animals

Eleven (5 Batten disease ewes carrying a mutation in CLN5 [199] and 6 healthy ewes age matched control)

with mean age of 2 years were maintained at Lincoln University, New Zealand (NZ) and reared under

appropriate procedures approved by the Lincoln University Animal Ethics Committee in compliance with the

NZ Animal Welfare Act (1999) and in accordance with US National Institutes of Health guidelines. The

sheep had water and grazing available to them throughout the period of the study.

4.2.1.2 Data Acquisition & Processing

Data for this experiment were collected for six days between 21/03/2011 and 03/04/2011. GPS data were

collected using bespoke GPS loggers, details of which can be found in [200]. These were attached to the

back of the sheep as shown in Figure 4.2. Previous work has shown that such harness equipment carried by

sheep does not affect their locomotion [201]. Notwithstanding that sheep are slow moving creatures, GPS

data at a sampling rate of 1 sample/s were collected to ensure all forms of interesting movement patterns by

the sheep were captured. The data were further processed using the open-source RTKLib and Geographic

Library [202] to obtain Cartesian co-ordinates with respect to a local projection. All missing data were

interpolated between the last and next seen co-ordinates using a Kalman smoother, the parameters of which

were optimised using expectation maximisation [150]1. The datasets were all roughly 24 hours in length.

Each dataset comprises a phase in which loggers were attached to each sheep in a holding pen; a phase in

which the sheep were herded into the field; a phase in which the sheep were left to roam across the field; and

a final phase in which the sheep were herded back to the holding pen to have the logging device removed and

re-charged. All computations were made based on the data obtained when the sheep were left to wander in

the field on their own as this represents the period in which their natural behaviour was most likely to be

observed (see Table 4.3 for the number of hours extracted). The eleven sheep were kept together during the

first three days of the experiment, and were mixed with another group of sixty nine sheep that had also been

kept together as well for the remaining three days. The sixty nine sheep consisted of younger animals in a

mixture of unaffected sheep and other sheep at different stages of progression with respect to a variety of

1The dataset had already been preprocessed this way. See the cited literature.
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medical conditions (see Table 4.2). For the experiments, I extracted the portion of the data in which the

animals were on the field until at least one of the GPS loggers attached to the sheep failed due to battery

exhaustion. All software was created using Matlab (R2016a).

G1 G2 G3 G4 G5 G6
First 3 days - - - - 5 6
Last 3 days 5 8 11 17 23 16

Table 4.2: Summary of the representative genotypes in the flock across the six days of the
experiments. Where G5 & G6 represents the control and Batten sheep respectively.

Day Duration of observation (hours)

1 18
2 18
3 22
4 13
5 16
6 19

Table 4.3: Duration in hours of the length of data extracted for the purpose of this work.

4.2.2 Methods

4.2.2.1 Discretizing the Trajectory

For each of the sheep in the flock, I obtained Cartesian trajectories from the GPS traces and partitioned

them into periods of ten minutes each. The total distance covered on a per second basis was computed and

summed up over each period of ten minutes per sheep across all observation windows. Ten minutes was

chosen as it was considered long enough time to observe any significant changes in behaviour and also because

it minimises the effect of GPS noise.

4.2.2.2 Detecting and Aggregating Outliers

There are several methods to detect outliers2 in a dataset such as [203] in which a density-based metric

was used, [204] in which the K-nearest neighbour concept was used and [205] in which a distance metric was

used. I used three fully unsupervised methods discussed below because most of the methods listed above are

either not fully unsupervised with requirements for training and test set or they are less parsimonious with

requirements for setting a number of parameters. The K-nearest neighbour approach, for example, requires

2The unusual distance(s) covered in the population every ten minutes has/have been assumed as outliers where unusual here
means the distance(s) covered different from the majority using some similarity metrics.

73



Figure 4.2: Loggers on sheep. Sheep with GPS loggers attached to their back. Research has shown that
such harness equipment does not affect their locomotion [201].

the number of nearest neighbours to be specified; which influences the result of the analysis. The local outlier

factor approach, in addition to requiring the specification of the number of nearest neighbours to be used,

also requires a training and test set. The three methods used are therefore Gaussian mixture model (GMM),

K-means and Gaussian based models because they require little or no parameters to select compared to the

those described above. I expand on these methods further below. The number of outliers were summed over

the entire window of observation. Here, it is the case that the control sheep were always in the majority and

the number of clusters is two.

4.2.3 Models

4.2.3.1 Gaussian Mixture Model (GMM)

This is an unsupervised probabilistic model that assumes all data points are generated from a mixture

of Gaussian distributions. This approach incorporates uncertainty and assigns each data point to a cluster

with some measure of probability. I assumed that the cluster with the smallest membership is the anomalous

group.
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4.2.3.2 K-means

The K-means algorithm is another unsupervised clustering algorithm that finds K groups in data by

iteratively assigning each data point to one of K groups based on its distance to a centroid until convergence.

This is a hard assignment compared to GMM with a soft assignment. As with GMM, the cluster with the

smallest membership is assumed to be the anomalous group.

4.2.3.3 Gaussian Model-Based

This approach assumes data is generated from a Gaussian distribution and that all data that are more

than three standard deviations away from the distribution mean are outliers. I examined two instances by

using the distance covered every ten minutes as well as the log of this data. This is because the distance

covered does not assume a perfect Gaussian distribution.

outliers < µ± 3σ or µ± 3σ < outliers (4.1)

Where µ is mean and σ the standard deviation.

4.3 Experiments & Results

4.3.1 Synthetic Experiments

Two types of synthetic experiments reflective of the two scenarios considered in this chapter3 were carried

out.

4.3.1.1 Experiments I

Three main groups of experiments were conducted to evaluate the performance of the methods for

quantifying abnormal movement behaviour. To evaluate the performance of the four methods, I applied them

to a set of synthetic data representative of possible sheep velocities. First, ten bins of bivariate Gaussians

each with 10000 random points were generated where:

3See section 4.3.2 below for these two scenarios.
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mean (µ) =



0 0

0.0001 0.0001

0.001 0.001

0.01 0.01

0.1 0.1

1 1

1.5 1.5

2 2

2.5 2.5

3 3


and covariance matrix (CM):

CM =

 µ/4 µ/4

µ/4 µ/4


I created 11 agents who randomly sampled their velocities uniformly from the bins at any instant of time4

(see sample trajectories in Figure 4.3). The normal agents were designed to be in the majority5, and also

sampled their velocity from the same bin while the abnormal agents sampled from different bins. This was

designed to create a situation reflective of behaviour of sheep in the flock of interest here where the control

sheep have a somewhat uniform behaviour while the Batten sheep have abnormal behaviours of different

types. There are however three instances of this scenario here, when the abnormal agents sampled from

just one bin, when they sampled from two different bins and when they sampled from three different bins.

The number of the abnormal agents was designed to be less than or equal to five6. To account for temporal

variability in the duration of abnormal movements, the duration during which the abnormal agents sampled

from the abnormal distribution was varied from 0 : t/4 : t where t = 600 seconds7. The performance of the

four methods were evaluated first, based on the duration of abnormal movements using two metrics, the

classification accuracy as well as the false positives. And then evaluated, based on the number of agents

4Summed over 144 instances representing every ten minutes for 24 hours.
5Implying that at no point in time were they less than six.
6A random number generated between 1 & 5 to select the number of abnormal agents to sample from a different bin with

respect to the normal ones each time window.
7Used because ten minutes was also considered for the actual sheep movement data.
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involved in the abnormal movements across several time windows with respect to the two metrics over a

thousand iterations.
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Figure 4.3: Samples of the synthetic trajectories.

Results in Figure 4.4 show GMM and K-means achieve better accuracies compared to the Gaussian model

based8 across all three contexts. However, while GMM have small false +ves that are fairly constant or

decreases across the three contexts, other models displayed some inconsistencies with respect to this metric.

For instance, the false +ves for K-means is the highest in the first context and drops significantly after as

the diversity of unusual behaviour increases. Whereas, for the Gaussian model based methods, while the false

+ves appear lower initially, this starts to increase as the diversity of abnormal samples increases. Overall,

the results suggest that the clustering based methods may be more robust given diversity in the abnormal

behaviour but with accuracy decreasing and vice versa for the Gaussian based models most especially when

the unusual behaviour is short in duration.

4.3.1.2 Experiments II

Experiments II are similar to Experiments I described above. The only difference being that I used only

two methods9 together with the proposed algorithm in section 4.3.2.2 below. I investigated the optimum

number of clusters ranging from 1 to 5 and evaluated the performance of the algorithms as before in terms of

8Accuracy decreases with time and number of individuals involved.
9The clustering methods.
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Figure 4.4: Synthetic Experiments I. Top row: When unusual movement is sampled from one distribution.
Middle row: unusual movement is sampled from two different distributions. Bottom row: unusual movement
sampled from three different distributions. While the accuracies appear consistent across the three contexts
between models, decreasing slightly for the clustering based models and increasing for the rest. The false
+ves generally decreases as the diversity of the abnormal samples increases. Individually, the accuracies and
false +ves with respect to the variation in the number of abnormal individuals appears to have approximately
the same behaviour decreasing slightly (which is probably due to the fact the clustering algorithms may be
struggling to estimate the appropriate parameters of the clusters as the number of abnormal individuals grow
towards that of the normal ones) for the clustering based algorithm while peaking at two (likely optimal
threshold number, enough to separate abnormal and normal behaviour given the diversity in the behaviour
of abnormal individuals) and then decreasing afterwards as the number of abnormal individuals increases.
On the other hand, with respect to individual model performance in relation to the duration of abnormal
movement, the clustering based algorithms accuracies increases and its false +ves decreases both slightly
as the duration of abnormal movement increases while for other models, the accuracies and the false +ves
increases as the duration of abnormal movement increases. Finally, because logarithm functions grow slightly
faster than linear ones, the accuracies and false +ves of the log version of the gaussian model based method
can be seen to rise faster than its version without the log.
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the classification accuracy and false positives.

Results, in Figure 4.5 show the identification accuracy increases as the duration of abnormal movement

as well as the number of agents involved increases on the average. This applies to the false +ves as well.

Across the three contexts, the false +ves appear higher for K-means compared to GMM and vice-versa for

the accuracies. This suggests GMM might be more suitable for this task due to the soft nature of its class

assignment.

Figure 4.5: Synthetic experiments II. Top row: When unusual movement is from one distribution. Middle
row: When unusual movement is sampled from two distributions. Bottom row: When unusual movement is
sampled from three different distributions. The accuracies and false +ves can be seen to decrease as the
diversity of unusual movement behaviour increases.
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4.3.2 Experiments with Sheep Mobility Dataset

4.3.2.1 Quantifying Abnormal Movement Behaviour

I used the model and procedures described above, considering only the eleven sheep of interest. It can

be observed that all the sheep with the natural mutation for Batten disease have at least one outlier every

day over the period of observation across the four methods whereas this is not the case for the control sheep

group. In addition, it can also be seen that the bulk of the outliers accumulated by the flock over the period

of observation across six days belong to the Batten sheep group, as seen in Figure 4.7, even though they

represent a minority (5) of the flock. Also, among the sheep with Batten disease, it can be observed that there

is a considerable variation in the total number of outliers accumulated all through the period of observation.

This suggests that these sheep have different trajectories in terms of progression of this disease and possible

variation in reaction as well. Furthermore, it can be seen that there are no specific patterns in the magnitude

of the outliers seen. They can be as low as 10 metres and can be as high as 500 metres using the gaussian

based model, for example (see Figure 4.6), suggesting that these abnormal movements can be random and

also a function of how different sheep react to the disease.
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Figure 4.6: Distribution of the outliers (a) GMM (b) K-means (c) Gaussian based model (d) Gaussian
based model using log of data.
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Figure 4.7: Quantifying abnormal behaviour in a small flock. Bar chart showing the number of
outliers detected over six days when the sheep of interest were considered as a flock without others in their
environment. It can be seen with all four methods that the sum total of the number of outliers in the Batten
sheep is greater thus confirming its importance as a biomarker. The IDs of the sheep is in the order listed in
Table 4.1 above where each bar represents each sheep of interest.
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4.3.2.2 Quantifying Abnormal Movement Behaviour in a More Challenging Context

I investigated the possibility of quantifying abnormal behaviour in a more challenging context by considering

not only the movement of the Batten sheep relative to their control group but to the whole of the flock

during the last three days of the experiment. The previous methods were used initially but results showed

they are ineffective because, in a larger group, it is expected that there will be a number of sub-phenotypes

in the flock, rather than just two. Therefore, I proposed an alternative method. The Akaike information

criterion (AIC) was used to select the optimum number of sub-groups10 [206] based on the distance covered

every ten minutes in the dataset and then this was used to cluster the sheep into groups using both the

Gaussian mixture model as well as the K-means method (Algorithm 1). I hypothesized that the Batten sheep

will most likely be in the sub-group with the smallest membership. These methods were evaluated on the

dataset of movement activities in the last three days of the experiment. Results, show that at least three of

the sheep with Batten disease have a conspicuous number of outliers relative to other sheep of interest in this

experiment (see Figure 4.8). This can even be higher given significant observation period for the experiments.

accuracy =
Predicted significant & insignificant pairwise relationships

Ground truth significant & insignificant pairwise relationships
(4.2)

Algorithm 1

1: Input: Movement trajectories of flock (X), Output: abb
2: Xm ← Segment movement trajectory
3: for each segment m in Xm:
4: Nm ← AIC to determine optimum no of clusters in Xm.
5: IDs← Cluster Xm using Nm & log identities of sheep in the smallest cluster.
6: Append IDs in abb
7: end
8: return abb

Learning how significant the difference in the abnormal behaviour of the sheep in this study is important

for example, in assessing the efficacy of therapeutic interventions. To further evaluate the performance of all

methods, I proposed an equation (4.2) that computes the ratio of how significant the unusual phenotype

quantified here is between the control and the transgenic sheep and how insignificant it is in between

the control sheep with respect to the ground truth. Here, it is expected that the pairwise test should be

insignificant between the control sheep and significant between the control & transgenic sheep11. I used the

Wilcoxon signed-rank test with p ≤ 0.05 as threshold to determine significance. Results for the first approach

10Between 1 and 20.
11See example of this result in Table 4.4 and the rest in Appendix B.
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Figure 4.8: Quantifying abnormal behaviour in a bigger flock. Bar chart of outliers for the two groups
of sheep when the movement patterns of other sheep were taken into considerations on the (a) first day (b)
second day (c) third day and (d) the sum over three days. It can be seen that at least three of the Batten
sheep have a conspicuously higher number of outliers relative to the rest. The IDs of the sheep is in the order
listed in Table 4.1 where each bar represents each sheep of interest.

Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11
1 No - NS NS NS NS NS NS NS NS S NS
2 No NS - NS NS NS NS NS NS NS S NS
3 No NS NS - NS NS NS NS NS NS S NS
4 No NS NS NS - NS NS NS NS S S NS
5 No NS NS NS NS - NS NS S NS S NS
6 No NS NS NS NS NS - NS S S S S

Table 4.4: Pairwise test of significance results using GMM. Where S = Significant when p-value ≤
0.05, and NS = Not significant when p-value > 0.05. See Appendix B for more results. Note: Sheep with IDs
7 to 11 are sheep with Batten disease.
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Methods GMM K-means µ± 3σ µ± 3σ (log)
Accuracy 68.33% 65% 83.33% 61.67%

Table 4.5: Significance influenced classification. Accuracy across the two groups of sheep when they
were considered irrespective of others in their environment. See Appendix B for confusion matrices.

(see Table 4.5) where the sheep of interest were considered without regard for others in their environment show

the difference in behaviour is not statistically significant between the control sheep across the four methods

confirming they have a somewhat uniform behaviour (see Table 4.4 and Appendix B for more results). On

the other hand, difference in behaviour is significant between the two groups of sheep and between the Batten

sheep, with the gaussian model based approach performing best. One plausible explanation for this given

the synthetic experiments is that, there are several of the Batten sheep with diversity in their abnormal

behaviour at any instant of time. With respect to evaluation considering other sheep in the flock, I observed

no significant difference within the control sheep and some significance between the two groups (see Table 4.6

and Appendix B) with the GMM method performing better than K-means, which is consistent with the

simulations. In addition, the confusion matrices in Figures 4.9 and 4.10 show that, while all the methods

appear to be adept at recognising the insignificant relationships they struggle in recognising the significant

relationships with the Gaussian model based appearing to perform best in this regard in the first scenario

and the GMM in the second scenario.

Methods GMM K-means
Accuracy 66.67% 60%

Table 4.6: Significance influenced classification. Accuracy across the two groups of sheep when they
were considered with respect to other sheep in their environment.

Significant Non-Significant
Significant 0.37 0.63

Non-Significant 0 1

(a) GMM

Significant Non-Significant
0.43 0.57
0.13 0.87

(b) K-means

Significant Non-Significant
Significant 0.67 0.33

Non-Significant 0 1

(c) µ± 3σ

Significant Non-Significant
0.23 0.77

0 1

(d) µ± 3σ(log)

Figure 4.9: Confusion matrices for the four methods in the first scenario considering the pairwise significant
and non-significant relationships.
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Significant Non-Significant
Significant 0.33 0.67

Non-Significant 0 1

(a) GMM

Significant Non-Significant
0.2 0.8
0 1

(b) K-means

Figure 4.10: Confusion matrices for the second scenario considering the pairwise significant and non-significant
relationships.

4.4 Limitations & Conclusion

In this work, I have proposed several unsupervised methods towards quantifying abnormal movement

behaviour and, by extension, identifying sheep with these characteristics in a flock being one of the numerous

symptoms associated with sheep with Batten disease. I achieved this by computing the distance covered by

every member of the flock within a period and looking for outliers in the population. This work is not without

its limitations: the methods proposed here would not scale in situations where the abnormal sheep are in the

majority as the methods are designed for instances where the unusual behaviour is in the minority in the

population. A class of methods focused on learning collective movement behaviour [207] will be useful here

where unusual statistics12 of the collective behaviour with respect to some known ground truth of normal

behaviour can provide useful insights with respect to the welfare of the flock or herd. Whilst the sample size

(11 sheep) is small during the first three days of the experiment, I devised a method that works well in a

challenging environment as experienced in the last three days of the experiment. The implication of this

work transcends identifying sheep with abnormal movement patterns as the methods can be used to monitor

the health of individuals or agents that co-exist in groups and have the potential to develop some form of

movement disorder during their lifetime. This is a step towards quantifying the progression of a number of

neurodegenerative diseases using sheep as subjects. In the future, these methods will be applied to another

dataset of transgenic sheep that are expected to display subtle symptoms of Huntington’s disease with the

aim of identifying the onset and progression of the condition.

Overall in this chapter, I have demonstrated the use of unsupervised methods towards quantifying abnormal

movement patterns in sheep with Batten disease. In the next chapter, I will discuss the first application of

a supervised approach in this thesis using a recurrent neural network towards forecasting avian migration

patterns.

12Unusual statistics here means behavioural measurements that differs a lot from what is generally known.
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Chapter 5

Forecasting Avian Migration Patterns

In the previous chapter, I discussed the application of unsupervised methods in quantifying abnormal

movement behaviour. In this chapter, I address the second question raised in this thesis: Can a bidirectional

recurrent neural network model designed to forecast migration states of Turkey vulture birds at a finer

granularity1 across different continents perform better than alternatives? And also by extension, what

environmental features are most indicative of different migration states with respect to this avian species?

Here, I show the first application of supervised methods in this thesis by using a deep bidirectional recurrent

neural network augmented with an auxiliary task for instance in forecasting migration states in light of

sustainable efforts geared towards conservation and reducing biodiversity loss.

5.1 Introduction & Motivation

Reducing biodiversity loss is fundamental towards achieving the 2030 agenda of the United Nations sustain-

able development goals [208]. With 6% of avian life functionally extinct and 21% currently threatened [209],

biodiversity loss with respect to global avifauna deserves serious attention [210]. The importance of birds in

nature’s ecosystem cannot be overemphasized. They have multiple important roles to play in the ecosystem as

they serve as pollinators by processing and transporting plant seed from one geographical area to another [211];

help control the population of insects [212], which in turn helps improve agricultural yield; play host to many

host-specific parasites such as lice [213] as well as supply eggs as food to humans (domesticated species).

1Most common being migration intensities but movement every one hour will be considered here.
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However, an estimated 100 million to 1 billion birds are known to die annually during migration via collisions

with human made critical infrastructures such as wind turbines, buildings and high tension lines [214, 215].

These collisions can sometimes be due to partial blindness caused by excessive light [216] at night on several

of these infrastructures or the inability to see them when flying at night leading to high impact collisions.

Optimal management of such infrastructures is therefore key towards reducing avian biodiversity loss across

the world, and this would be enabled by having better prediction of animal movement and migration patterns.

While previous works [66] and [67] have focused on forecasting the intensity of spring migration and autumn

migration respectively, the onset and the end of these migration states are of utmost importance towards

ensuring a concerted approach to reducing biodiversity loss for example when animals migrate between

continents. In addition, I argue that forecasting the intensity of migration cannot be guaranteed to be optimal

for managing critical infrastructures as different species of birds potentially have different migration dates

along different routes. This suggests that having an independent model for each migrating avian species,

most importantly the threatened species would be valuable to handle the specific nuances associated with

their migration patterns. To this end, I consider a much more difficult task of forecasting different avian

migration/movement states (breeding, wintering, fall and spring migration) at a finer granularity and to be

specific on an hourly basis.

In this chapter, the task of forecasting migration states is considered. More specifically, I use publicly

available datasets of Turkey vulture (Cathartes aura) movement collected over multiple years at a resolution

of one hour. I train a deep learning network consisting of Bidirectional-Recurrent Neural Networks2 by casting

the prediction problem as a supervised learning task with a cross entropy loss where I aim to forecast the

onset of four movement states corresponding to breeding, fall migration, non-breeding and spring migration.

The network is augmented by adding an auxiliary task to help stabilize training and improve generalization

by forecasting the longitude3. Experimental results of forecasting at different temporal intervals in advance

show good accuracies can be achieved even when forecasting up to one week in advance. I compare this

approach to a variety of baselines and empirically show that it outperform them most of the time on a variety

of experiments.

The rest of this chapter is organized as follows. Next, I give a brief overview of the avian species used in

this work followed by the model and the datasets as well as the associated preprocessing. This is followed by

2Used to add more context for prediction. For instance an ordinary recurrent neural network scans data in one direction (left
to right) whereas a bidirectional version in addition also scans from right to left with the concatenation used for prediction.

3The most informative migration feature.
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the experiments and results sections in that order. I conclude this chapter by highlighting the limitations of

the methods used.

5.2 Background: The Turkey vulture

The Turkey vulture (Cathartes aura) represents the most widely distributed scavenger in the world with

global population in excess of five million spread across the two American continents and the West Indies [217].

Gregarious in nature, it has been regarded as a partial migrant [218] as some populations winter in North

America while others move as far as South America en-masse (with population in excess of 2000 previously

recorded [219]) during the winter months while returning to breed during spring. The latter population

is considered in this work. Breeding, including incubation responsibilities, is usually carried out by both

parents spanning late spring to early winter months. They are primarily scavengers with a good sense of

smell that helps them locate carcasses. By eating carcasses, they help make the environment cleaner and

prevent the spread of diseases. The main predators of Turkey vultures are Owls, hawks and eagles, with

their eggs serving as food for raccoons and opossums. While the population of these birds is stable and they

are not endangered, the approach proposed in this chapter can be extended to the endangered avian species

given the relevant migration data.

Figure 5.1: The North America continent on the left and South America on the right as seen
from Google Earth. A significant population of the Turkey vulture in North America are known to migrate
(trajectories in black) to the south on the flight for survival to escape the unfavourable weather conditions as
winter approaches.
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5.3 Datasets

Turkey vulture movement datasets [220] and [221] as part of an ongoing study were collected with the aid

of GPS satellite transmitters. This dataset was collected to assess the relationship between the wing size and

shape as well as the characteristics of the migratory habits of the turkey vulture. Information collected in

the dataset include the event id, latitude, longitude, timestamp, binary information on the visibility of the

event on the Movebank search map, ground speed, heading, height, migration state, individual and tag local

identifiers among others. The birds used are representative of five populations covering different breeding

areas in central Canada, western and eastern USA, south-west Argentina and the Falkland Islands. Overall,

about 127 birds were tracked with the focus on a subset of these birds that are migratory4. A significant

portion of the data for the migratory birds were collected at the temporal resolution of one hour, with others

at three hours. I discarded the points collected at three hour intervals so as to be able to work at a more fine

grained resolution with more data-points.

5.3.1 Migration States

There are four movement states in the datasets, see [221] for more information. In this work, I seek the

onset of these states which are described in detail below. Here, onset is regarded as the first recorded instance

of a migration or movement state.

End of spring migration/Onset of breeding: Period after spring migration when breeding starts. During

breeding, birds mate, give birth and raise fledglings in preparation for fall migration. This is usually between

March and April every year.

End of breeding/Onset of fall migration: Start of migration to the wintering ground usually in South

America. This is usually between September and October every year.

End of fall migration/Onset of wintering: Arrival to the wintering ground in South America which

heralds the start of the wintering season. This is usually around October each year.

End of wintering/Onset of spring migration: Start of migration back to North America when the

weather must have improved enough for breeding to start. This is usually between March and April every

year.

427 in number.
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5.3.2 Environmental & Weather Data

The movement tracks were annotated with environmental data with the aid of the Env-DATA Track

Annotation Service [222]. Twenty-six features were collected: population density, atmospheric water,

downward ultraviolet radiation at the surface, plant canopy surface water at surface, incident solar radiation,

elevation, dew point temperature, snow evaporation, water vapour concentration, snow albedo, temperature

parameter in canopy conductance at surface, surface solar radiation downwards, albedo, soil temperature,

surface solar radiation, maximum temperature, evaporation, ice temperature, land surface temperature night,

land surface temperature day, snow temperature, surface thermal radiation, ten metre wind gust, sunshine

duration, surface thermal radiation downwards and soil water content.

5.3.3 Data Preprocessing

I obtained the trajectories of three birds out of all the birds (16 in number) in the datasets corresponding

to the ones with migration state labels and fewest missing data (Rosalie, Mac & Morongo) with breeding

sites in Washington (USA), Saskatchewan (Canada) and Oregon (USA) respectively. Also the birds above

have respectively four years of movement trajectories collected with size5 28613, 11900 GPS points consisting

of one full year of movement activities and another half a year of breeding and fall migration activities as well

as 20753 GPS points consisting of movement activities around a period of 3 years. I divided these trajectories

into 75% for training and the rest for testing (Tables 5.1, 5.2 and 5.3). All missing data in the environmental

& weather data were replaced with the last observed points in the sequence.

Data Breeding Fall Migration Wintering Spring Migration
Training 0.5046 0.0495 0.3795 0.0664

Test 0.5123 0.0625 0.3639 0.0614

Table 5.1: Class distribution (Rosalie). With respect to breeding, fall migration, wintering and spring
migration for both training and test dataset.

Data Breeding Fall Migration Wintering Spring Migration
Training 0.47 0.26 0.15 0.12

Test 0.28 0.6 0.02 0.1

Table 5.2: Class distribution (Morongo). With respect to breeding, fall migration, wintering and spring
migration for both training and test dataset.

5Number of GPS points.
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Data Breeding Fall Migration Wintering Spring Migration
Training 0.422 0.2848 0.1379 0.1553

Test 0.4017 0.5983 - -

Table 5.3: Class distribution (Mac). With respect to breeding, fall migration, wintering and spring
migration for both training and test dataset.

5.4 Problem Formulation & Model

5.4.1 Problem

Given a time series {X≤t, ymt}Tt=n where X≤t ∈ Rd and ymt is a multi-dimensional vector representing

input features (X≤t = Xt−d, ...., Xt)
6 and discrete migration states respectively at each time-step t where

m ≥ 2, the goal is to estimate {ym(t+k)}Tt=n given {X≤t}T−kt=n where k is the temporal period in advance

(forecast horizon) with respect to the migration state of interest.

5.4.2 Model

5.4.2.1 Stacked Bidirectional GRU (Bi-GRU)

The gated recurrent unit (GRU) [223] network is a variant of the recurrent neural network (RNN) that

learns to integrate temporal information over sequential data using a combination of gates. Its advantage

over the conventional RNN is its ability to overcome the vanishing gradient problem. However, the GRU

only integrates information from one end of the data to another. To add better context to a RNN, the

Bidirectional RNN [224] was proposed. The Bi-GRU thus, is a version of the Bidirectional RNN using the

GRU and works by training two GRUs where one is trained on the forward hidden input sequence
−→
h and

the other on the reversed copy of this sequence
←−
h using two hidden layers to compute the output sequence

yt given input x. Given that the GRU equations in [223] can be implemented by the function G, the Bi-GRU

can then be implemented via:

−→
ht = G(

−→
h t−1,xt)

←−
ht = G(

←−
h t+1,xt)

yt = W−→
h

−→
ht +W←−

h

←−
ht + b

(5.1)

6d is the duration of the temporal context relevant for the prediction task.
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This approach has been demonstrated to yield better results. For example it was used previously to fill

in missing values [225] and hence the choice in this regard given geolocation data almost always have this

characteristic. With stacked Bi-GRU, the expressiveness of the Bi-GRU is improved. Given N layers of the

Bi-GRU, the hidden and output sequences are updated as follows:

−→
ht
n

= G(
−→
h
n

t−1,
−→
h
n−1
t )

←−
ht
n

= G(
←−
h
n

t+1,
←−
h
n−1
t )

yt = W−→
h

−→
ht
n

+W←−
h

←−
ht
n

+ b

(5.2)

Where hn−1t = x when n = 1.

5.4.2.2 Auxiliary Tasks

To help improve training, ensure stable learning dynamics, as well as learn a robust representation that

generalises to test data, auxiliary tasks have been used to provide even denser training signals to support the

main task [226]. Given all the input features are continuous, the network loss is therefore augmented with

the mean square error (MSE) loss (single task) where I aim to forecast the longitude coordinate which is the

most informative feature relevant to the main task (see Section 5.6).

5.4.2.3 Training Objectives

At training time, I seek the parameters θ1 and θ2 that minimizes the cross entropy loss,
1

N

∑N
i=1 L(ymi, f(Xi; θ1))

for forecasting the migration state and the MSE loss,
1

N

∑N
i=1(f(Xi; θ2)− yli)2 for forecasting the longitude

coordinates respectively. The overall training objective therefore is given by:

(5.3)argmin
θ1,θ2

E(θ1, θ2) =
1

N

N∑
i=1

L(ymi, f(Xi; θ1)) +
1

N

N∑
i=1

(f(Xi; θ2)− yli)2

Where Xi, ymi and yli represents the input features, migration states and longitude coordinates respectively

and f is a function approximator such as a neural network.

5.5 Experiments & Procedures

I used 3 layers of Bi-GRU as described in Section 4.3 with a dropout layer for the main task, bidirectional

LSTM networks work equally well in this case and either can be used. Given the size of the dataset, I trained
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Figure 5.2: Architecture of the proposed framework. The main predictions represent the actual task
of interest which is the forecasting of the migration states while the auxiliary predictions represent the
forecasting of the longitude.

the network over 20 epochs three times with early stopping after two epochs without improvement in the

loss. The models were evaluated on the test sets for the same amount of time and the average reported. I

evaluated all models using accuracy and F1 scores. No significance tests were carried out.

5.5.1 Thresholding

Predictions of machine learning models can only be reliable when the accuracy is perfect. Given the nature

of real world data, it is unlikely any model would work perfectly thus rendering these models tricky for real

world critical applications. Calibration methods such as Platt scaling [227] and isotonic regression [228] are

useful in reducing this problem. However, in this case they are ineffective for two reasons. First, [229] argued

that deep learning models with softmax output trained with cross-entropy loss are prone to errors. Second, the

distribution of the training data is hardly the same as test data due to several factors affecting the migration

states. While the obvious approach after calibrating is to select a threshold of the class probability scores

given the ROC curve, the prediction around the boundary surrounding the transition from one migration
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state to another in this case can be problematic. To get around this problem, I instead propose an algorithm

(Algorithm 2) that is model dependent and leverages a sequence of thresholds to predict the migration states.

The intuition behind the algorithm is that I decide a migration or movement state has started or ended if

there is a continuous sequence of a threshold value of the probability scores. The temporal difference between

the end of the first instance of this sequence and the ground truth averaged over the number of years for

each migration state in the training data is then used in the test data probability distribution to predict the

migration states. I used a probability threshold score thmax = 0.717 and sequence length l of 24 below. See

Figures 5.8, 5.9 and 5.10 for extensive comparisons of different sequence lengths using this threshold.

Algorithm 2

1: Input: Training dataset (X≤t, ymt)
2: Output: thr
3: Pr(ymt|X≤t) ← equation 4.3
4: thl←Sequence of threshold thmax of length l (first instance)
5: for each unique m in ymt:
6: for each year in (ymt):
7: thr{m} ← thr{m} + (tonset of m(ground tr.) − tthl

)
8: end
9: thr{m} ← thr{m} / No of years in (X≤t, ymt)

10: end
11: return thr

5.5.2 Baselines

I compared the proposed approach to several baselines including deep and non deep learning methods8.

These baselines to the best of my knowledge are competitive for time-series classification tasks.

• Logistic regression (LR): I used a multinomial variant with a LBFGS solver where the usual sigmoid

logistic function is replaced by a softmax function and the class probability which sums up to one is

computed as a function of the inputs.

• Adaboost (AB): The Adaboost algorithm uses an ensemble of weak learners combined and weighted

to arrive at a model’s prediction whilst iteratively improving on instances misclassified by previous

classifiers [77]. Used with a hundred estimators.

• Support Vector Machine (SVM): This algorithm categorizes data according to optimal hyperplanes

that maximizes the distance separating the classes of interest given the training data. Used with a one

7This is the maximum probability seen in the training set using the model.
8Grid search used to estimate some of the parameters.
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versus one strategy.

• Deep Neural Network (DNN): I used a feed-forward network with two layers and 256 neurons

each, dropout = 0.2, softmax layer at the output, relu activation and Adam opimizer [230].

• Recurrent Neural Network (GRU) A GRU network with 1 layer, 50 cells, dropout = 0.2, softmax

layer, tanh activation and Adam optimizer [230]. I trained the neural networks given the procedures

described for the proposed approach above. LSTM was tried as well and gives just the same results as

the GRU.

5.5.3 Experiments

I designed several experiments described in detail below to answer several questions related to migration

with respect to this avian species given the dataset I possess.

• Q1: What environmental and movement factors are most indicative of migration patterns? To answer

this, I quantified the mutual information between the continuous environmental and movement features

and discrete migration states using the approach proposed in [159]. I computed the mutual information

for all the three birds mentioned above and used the average to estimate this.

• Q2: How does the proposed approach compare to a variety of baselines over several forecast horizons?

Also, to what extent do the predictions deviate from the ground truth with respect to the migration

states described in section 5.3.1? To answer Q2, I designed series of experiments where I aimed to

forecast the migration states one day, three and seven days in advance given the proposed approach.

For the latter part of this question, I used only the bird with the biggest trajectory size and the least

amount of missing data to minimize uncertainty as much as possible and also ensure all the migration

states of interest are well represented.

• Q3: How is the forecasting accuracy affected when there is a significant difference in the migration

dates encountered in the training set compared to the test set? To answer this, I queried the date

of the onset of all the migration states in the training and test datasets and compare these with the

results from Q2 above. As in the latter part of the previous question, I used the bird with the biggest

trajectory size and the least amount of missing data to minimize uncertainty as much as possible and

also to ensure all migration states are adequately represented.

• Q4: Finally I aim to ask, is migration restricted to a specific period of the day? To answer this, I

95



queried the time of all the migration states described above in the test and training datasets to examine

if a pattern can be observed.

5.6 Results & Discussion

I discuss the results and answer to several questions asked above in the order listed here.

Figure 5.3: Mutual Information between the top ten most informative input features and the
migration states. It can be seen that outside of movement coordinate features, human population density,
albedo and elevation are great indicators of migration states. PD: Population Density, LSTN: Land Surface
Temperature Night, LSTD: Land Surface Temperature Day, SWC: Soil Water Content, SD: Sunshine Duration.

• A1: The results of the experiment described in Q1 are shown in Figures 5.3 & 5.4. The top ten most

relevant features show that, apart from the movement coordinates, population density, albedo, elevation,

temperature and soil water content represent the greatest indicators of different migration states in this

bird. This is a result consistent with a previous study [66]. I also observe from the time-series plots

that the onset of fall and spring migration is preceded by a drop in temperature and soil water content

on both continents. Furthermore, I notice the bird winter and breed in areas where human population

density is low. This has significant implications for conservation, as wintering and breeding grounds
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are lost to human development, the start of the corresponding migration states can be affected as the

birds seek new grounds for these activities. In addition, the elevation of flight can be seen to be low

during breeding as the birds focus on production of offspring with abundant resources, and high during

wintering as they move from one place to another in search of carrions and warmer climes. Also worthy

of mentioning is the albedo, a measure of light reflected from the surface of the earth. It decreases and

then increases prior to autumn migration and vice versa prior to spring migration. This is a pattern in

alignment with change in activities by humans as well as plants and animals. There is high albedo, for

example, when temperature drops due to inactivity and low albedo as the temperature improves.

• A2: Results in Tables 5.4, 5.5 and 5.6 as well as Figures 5.5, 5.6 and 5.7 show that, when the dataset is

big and of high quality for example as obtained in the Rosalie movement dataset, the proposed approach

can be seen to outperform a variety of baselines demonstrating its effectiveness in adding more context

via the backward and forward integration of information as well as using the added auxiliary task9.

The proposed approach also outperform the baselines on the prediction of the underrepresented states

when longer horizons are considered. In addition, results in Table 5.7 also show I can forecast relatively

very well at different intervals of one day, three days and seven days in advance. Furthermore, ablation

studies show that adding several layers of the Bi-GRU in addition to the auxiliary task helps improve

result. When the datasets are either not big enough, or not of high quality (more missing data) or

all the migration states not well represented, the proposed approach have almost similar performance

compared to its ablation10, performing better than the ablation sometimes and the ablation performing

better some other times11.

• A3: Results in Tables 5.4, 5.7 and 5.8 show the proposed approach perform not too bad when the

difference was large, see for example when the onset of breeding was delayed significantly in the test

data.

• A4: Results in Tables 5.8, 5.9 and 5.10 show that migration can start or end within a window that lies

between evening time and early hours of the day UTC time. Practical interventions can therefore be

implemented around this window to ensure minimal infrastructure downtime.

9This comes at a cost though as the recurrent models are computationally intensive with the amount of time required to
train these models growing as they get deeper. On the other hand, the classical machine learning models are very easy to train
with little compute resources. More specifically, it takes about three days for each forecast horizon considered for the most
complex recurrent network used compared to just about five minutes for the classical machine learning methods over the ten
iterations considered.

10Model without auxiliary task.
11But overall, the performance of the proposed approach and its ablation without the auxiliary task appear to be better than

other baselines.
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Figure 5.4: Time series plot. Of the top ten (for brevity) most informative features across both the training
and test datasets.
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No of days
in advance

Performance
Metric

Models

LR AB SVM DNN
GRU
(1-L)

Bi-GRU
(1-L)

Bi-GRU
(3-L)

Bi-GRU
(3-L, A. task)

1 Acc.(%) 74.83 93.01 51.14 51.11 83.33±3.3 80±1.4 93±0.47 93.67±0.47
F1 (Breeding) 0.82 0.99 0.68 0.68 0.92±0.03 0.88±0.01 0.96 0.96
F1 (Fall M.) 0 0 0 0 0 0 0.85±0.05 0.85±0.05

F1 (Wintering) 0.76 0.99 0 0 0.84±0.04 0.81 0.96 0.97
F1 (Spring M.) 0.25 0.65 0 0 0 0.07±0.09 0.5±0.03 0.48±0.1

3 Acc.(%) 74.32 55.39 51.18 51.11 81.67±2.49 80.66±6.34 94.33±0.47 93.33±0.9
F1 (Breeding) 0.82 0.97 0.68 0.68 0.9±0.02 0.88±0.06 0.97 0.96
F1 (Fall M.) 0 0 0 0 0 0.08±0.12 0.83±0.06 0.76

F1 (Wintering) 0.75 0 0 0 0.84±0.05 0.81±0.1 0.98 0.98
F1 (Spring M.) 0.24 0.16 0 0 0 0.11±0.12 0.67±0.08 0.47

7 Acc.(%) 68.46 59.73 51.38 10.64±6.72 82±0.82 87.2±0.86 93±2.16 94±1.4
F1 (Breeding) 0.76 0.87 0.68 0 0.92±0.01 0.93±0.02 0.97 0.98
F1 (Fall M.) 0 0.36 0 0.05±0.05 0 0.31±0.12 0.85 0.86

F1 (Wintering) 0.68 0.44 0 0.11±0.15 0.82 0.92±0.03 0.96±0.01 0.97±0.02
F1 (Spring M.) 0 0.19 0 0.09±0.06 0.04±0.06 0.2±0.15 0.37±0.26 0.41±0.29

Table 5.4: Performance comparison (Rosalie). Proposed approach with and without the auxiliary tasks
can be seen to outperform all baselines across the three experiments most of the time. L represents layer(s)
& A auxiliary. Note: The recurrent networks appear to have the same performance across the three time
horizons but would decrease given sufficient time in advance of prediction. The inconsistencies associated
with other models such as AB is due to the way it learns. All models were evaluated over longer horizons
with more runs to further evaluate the performance of the models (see Figures 5.5-5.7). The figures in bold
correspond to the best performing model.

No of days
in advance

Performance
Metric

Models

LR AB SVM DNN
GRU
(1-L)

Bi-GRU
(1-L)

Bi-GRU
(3-L)

Bi-GRU
(3-L, A. task)

1 Acc.(%) 37 66 28 40.33±18.26 76.33±2.62 61.67± 8 80.33±0.47 81.33±2.49
F1 (Breeding) 0.46 0.9 0.44 0.23±0.16 0.79±0.06 0.63±0.07 0.86 0.89±0.01
F1 (Fall M.) 0.33 0.66 0 0.45±0.32 0.84±0.02 0.68±0.09 0.87 0.87±0.03

F1 (Wintering) 0 0.4 0 0 0.11±0.15 0.05±0.06 0.2±0.05 0.2±0.07
F1 (Spring M.) 0 0.26 0 0.05±0.07 0.41±0.04 0.05±0.08 0.49±0.06 0.55±0.06

3 Acc.(%) 38 80 28 40±28.28 79.33±1.7 80.33±2.87 82±1.63 81.67±2.87
F1 (Breeding) 0.46 0.87 0.43 0 0.86±0.02 0.87±0.04 0.87±0.01 0.83±0.03
F1 (Fall M.) 0.35 0.84 0 0.5±0.35 0.86 0.87±0.02 0.87±0.01 0.89±0.02

F1 (Wintering) 0 0 0 0 0.11±0.12 0.09±0.06 0.08±0.11 0.04±0.05
F1 (Spring M.) 0 0.16 0 0.05±0.07 0.03±0.05 0.14±0.12 0.59±0.09 0.62±0.08

7 Acc.(%) 35 56 27 13±18.38 79±5.1 78.67±4.99 84.67±1.24 84±2.16
F1 (Breeding) 0.44 0.38 0.43 0 0.86±0.08 0.84±0.07 0.86±0.02 0.86
F1 (Fall M.) 0.3 0.69 0 0.20±0.29 0.850.04 0.85±0.03 0.9 0.89±0.02

F1 (Wintering) 0 0 0 0 0.2±0.15 0.18±0.13 0.26±0.19 0.29±0.13
F1 (Spring M.) 0 0.11 0 0.05±0.07 0.05±0.07 0.09±0.12 0.71±0.08 0.65±0.06

Table 5.5: Performance comparison (Morongo). Results show the deep bidirectional recurrent network
with and without the auxiliary task perform better than all other baselines.
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No of days
in advance

Performance
Metric

Models

LR AB SVM DNN
GRU
(1-L)

Bi-GRU
(1-L)

Bi-GRU
(3-L)

Bi-GRU
(3-L, A. task)

1 Acc.(%) 52 59 40 22±4.32 73.33±8.2 65±3.5 89.33±0.47 88.33±6
F1 (Breeding) 0.6 0.68 0.57 0.29±0.2 0.8±0.02 0.71±0.02 0.91±0.02 0.89±0.04
F1 (Fall M.) 0.45 0.65 0 0.17±0.23 0.7±0.1 0.62±0.05 0.91 0.9±0.06

3 Acc.(%) 52 60 40 25.67±20.43 73.67±7.9 72.67±4.78 91.67±6.6 86±2.16
F1 (Breeding) 0.58 0 0.57 0 0.77±0.1 0.76±0.07 0.93±0.04 0.89
F1 (Fall M.) 0.44 0.75 0 0.42±0.3 0.75±0.1 0.76±0.04 0.92±0.07 0.88±0.02

7 Acc.(%) 48 80 39 35.33±4.5 75.76±1.7 69.67±3.86 86.67±3.4 85.66±2.62
F1 (Breeding) 0.57 0.78 0.56 0.23±0.23 0.83±0.03 0.75±0.04 0.87±0.01 0.87
F1 (Fall M.) 0.37 0.81 0 0.35±0.24 0.8±0.02 0.68±0.04 0.87±0.04 0.87±0.03

Table 5.6: Performance comparison (Mac). Results show the deep bidirectional recurrent network with
and without the auxiliary task perform better than all other baselines. There seems to be no difference
between the proposed approach and its variant without auxiliary tasks due to reasons I attribute to the size
of the test and training data.

Figure 5.5: Performance comparison (accuracy) over longer horizons (Rosalie). Proposed approach
can be seen to outperform all baselines. It can also be seen that the classical machine learning models except
Logistic regression were unable to model the temporal relationship inherent in this data as the performance of
these models does not degrade with time as compared to the recurrent models thus providing highly unreliable
results. Note: Here, the mean and confidence intervals were computed over ten runs of the experiments as
supposed to three in Table 5.4.
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Figure 5.6: Performance comparison (Mac) over longer horizons. It can also be seen that the
classical machine learning models are unable to model the temporal relationship inherent in this data as the
performance of these models doesn’t degrade with time as compared to the recurrent models. The mean and
confidence intervals were computed over ten runs of the experiments.
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Figure 5.7: Performance comparison (Morongo) over longer horizons. Proposed approach with and
without the auxiliary task can be seen to outperform all baselines most of the time. It can also be seen that
the classical machine learning models are unable to model the temporal relationship inherent in this data as
the performance of these models doesn’t degrade with time as compared to the recurrent models. The mean
and confidence intervals were computed over ten runs of the experiments.
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Onset of
Breeding Fall Migration Wintering Spring Migration

1 day
in advance

A,24 L,20 A,24 L,7

3 days
in advance

A,46 L,20 A,12 L,35

7 days
in advance

A,40 A,82 L,12 L,101

Table 5.7: Difference between ground truth and proposed model prediction with respect to the
onset of breeding, Fall Migration, wintering and Spring Migration forecasted one day, three
days and seven days in advance. All figures are in hours with A & L representing ahead and late
respectively. See Figures 5.8, 5.9 and 5.10 below for extensive comparison of different sequence lengths.

Year
Onset of
Breeding

Onset of
Fall migration

Onset of
Wintering

Onset of
Spring migration

2006/2007 11/04, 03:00 28/09, 21:00 15/10, 04:00 30/03, 20:00
Train 2007/2008 12/04, 02:00 01/10, 01:00 18/10, 20:00 26/03, 16:00

2008/2009 12/04, 21:00 08/10, 19:00 26/10, 00:00 06/03, 02:00
Test 2009/2010 30/03, 02:00 03/10, 18:00 25/10, 00:00 11/03, 18:00

Table 5.8: Date (dd/mm) and time of all migration states across three years in the training and
test data (Rosalie). It can be seen that migration started and ended around a window which seems to be
consistent on the average across the two continents. All times are in UTC.

Year
Onset of
Breeding

Onset of
Fall migration

Onset of
Wintering

Onset of
Spring migration

Train 2006/2007 10/04, 04:00 07/10, 20:00 12/11, 19:00 —
Train 2007/2008 20/04, 04:00 13/09, 17:00 11/02, 18:00 22/03, 15:00

Train & Test 2008/2009 11/04, 03:00 25/09, 19:00 01/03, 23:00 10/03, 22:00
Test 2009/2010 05/04, 23:00 - - -

Table 5.9: Date (dd/mm) and time of all migration states across one and a half years in the
training and test data (Morongo). It can be seen that migration started and ended sometimes late to
very late during the day to very early hours of the morning. The onset of spring migration in 2006/2007, as
well as the Onset of fall and spring migration as well as wintering in 2009/2010 were omitted as there were
missing data points around this period. All times are in UTC.

Year
Onset of
Breeding

Onset of
Fall migration

Onset of
Wintering

Onset of
Spring migration

Train 2007/2008 - 27/09, 20:00 18/01, 22:00 17/03, 15:00
Test 2008/2009 18/05, 22:00 13/09, 17:00 - -

Table 5.10: Date (dd/mm) and time of all migration states across one and a half years in the
training and test data (Mac). It can be seen that migration started and ended sometimes late to very
late during the day. All times are in UTC.
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Figure 5.8: The difference in the estimated onset of the different migration states with respect to
the ground truth evaluated using several sequence lengths in Algorithm 2 for forecast horizon
of 1 day. It can be seen that the forecast horizon of 1 day gives good results when the sequence length is
higher on the average.
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Figure 5.9: The difference in the estimated onset of the different migration states with respect to
the ground truth evaluated using several sequence lengths in Algorithm 2 for forecast horizon
of 3 days. There is no pattern however with the sequence lengths when forecasting three days in advance.
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Figure 5.10: The difference in the estimated onset of the different migration states with respect
to the ground truth evaluated using several sequence lengths in Algorithm 2 for forecast
horizon of 7 days. It can be seen that small sequence length gives better results.
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5.7 Limitations & Conclusion

I have proposed a deep Bidirectional-RNN deep learning network augmented with an auxiliary task towards

forecasting migration patterns in Turkey vulture. This approach yield accuracies better than a variety of

baselines on a variety of experiments most of the time. Ablation experiment also show this approach perform

better than its variant without auxiliary task most especially over longer horizons. The implication of this

work transcend reducing avian biodiversity loss. As the largest number of bird strikes occur during spring

and fall migration, optimally scheduling flights during this period is a benefit this work offers which can

help prevent accident and save human lives. While the prediction of fine grained avian migration patterns is

a challenging task due to variability in environmental factors as a result of habitat loss, lack of access to

endogenous factors coupled with the limited size of dataset12 that I have used, the approach proposed here

may be useful towards reducing avian biodiversity loss by optimally managing the infrastructures leading to

these deaths within a reasonable time window. Investigating in more detail in the future the contribution of

each environmental factor and additional ones will be key towards accounting for the uncertainty produced

by climate change and human development. The thresholding algorithm though model specific, can also

benefit from more fine-tuning and I leave that as a future work.

In this chapter, I have demonstrated the first use of supervised methods in this thesis towards forecasting

migration states in migratory birds. In the next chapter, I will show the second use of supervised methods in

this thesis towards forecasting stop-over decisions in migratory birds.

12The number of birds considered also small because of this reason.
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Chapter 6

Forecasting Stop-over Decisions of

Migratory Birds

In the previous chapter, I demonstrated the first use of supervised methods in forecasting avian migration

patterns in this thesis. In this chapter, I address the third question raised in this thesis: Can I build

better models to forecast the stop-over decisions of migratory birds at a finer granularity across different

continents? Here, I show the second application of supervised methods in this thesis towards forecasting

stop-over decisions of migrating birds and, by extension, also map out the stop-over sites using pre-trained

supervised models to understand their characteristics.

6.1 Introduction

The one health initiative of the World Health Organization aims to control diseases (zoonotic infections) at

the interface of human, environmental and animal interactions using a multidisciplinary approach, with the

recent event affecting global health bringing to the fore again the increasing interdependency in the complex

relationships between human and animals. This relationship is complicated by the encroachment into animal

habitats by humans due to developmental activities and climate change. Major human infectious diseases

such as Ebola and avian flu have been shown to have animal origin, with 20% of this coming from primates

alone [231]. The spread of zoonotic infections, for instance the highly pathogenic H5N1 avian influenza,
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has economic and health implications most importantly for the developing countries of the world. In light

of recent developments, it is therefore becoming increasingly imperative that relevant disease surveillance

and public health authorities make adequate preparations towards reducing future global health risks using

holistic intervention schemes incorporating current and potential relationships between all players in nature’s

ecosystem.

A large number of migratory bird species stop-over intermittently to refuel, rest and re-energize [232] for

the rest of the long journey as they seek warmer climes for survival during winter and spring migration (also

known as flight for survival), although some of these stopovers have been attributed to deliberate plans to

travel in line with the availability of resources [233]. The wild variants of these birds such as Geese, Swans,

Waterfowls, Eastern wood pewee, Acadian flycatcher, Yellow-green vireo and eagles however are known to be

carriers of harmful bacteria, pathogens and viruses from one place to another [234]. These harmful diseases

are spread mostly at stop-over sites when these birds interact with resources in the ecosystem such as fresh

water via droppings as well as interact with local birds and other non wild bird using the stop-over sites.

Adequate mapping [235, 236] of sites and forecasting of stop-over decisions have potential benefits and

could help relevant national and global health authorities come up with several intervention schemes in their

response and preparedness measures [237].

While previous works have largely either focused on using historical stop-over sites as a yardstick for

predicting future ones [70] using Markov chain, or estimate important environmental factors relevant for

stopover decisions [71], I point out here that such methods become inadequate given sites that have never

been seen before in the training data with the likelihood becoming even higher given climate change activities.

The approach considered in this work instead integrates this information whilst being flexible enough to

potentially predict sites that have never been used before. Also, a direct benefit of this approach is the ability

to forecast the duration of the stop-over. Furthermore, I aim to map out the characteristics and features

of these sites towards understanding while they are chosen for stop-over. Apart from revealing potential

stop-over sites in the event of extreme climate change affecting the decision to use historical sites, this can be

useful for instance in creating artificial ones in nearby or isolated environments for reasons of sustainability

and disease containment.

In this chapter, the task of forecasting the stop-over decisions of migratory birds for the purpose of disease

outbreak management, prevention and containment is considered. I cast the task as a binary classification

task where I aim to forecast whether an animal is going to move or otherwise. Given the instances where

109



Figure 6.1: Flyways. Left: Trajectory of the Turkey vulture as it moves from its breeding site in north
America to its wintering site in South America. Middle: Waypoints (stopover) sites of the Turkey vulture.
Right: Trajectory of a White Fronted Goose as it moves between its wintering site in the Netherlands to its
breeding site in the Russian Arctic.

the animals do move are in the minority in the dataset, I propose a pseudo loss objective function where

the original binary cross entropy loss is recast as a multi-class cross entropy loss. I use this approach with

the aid of a deep bidirectional recurrent neural network and show that it outperform several baselines most

times on a variety of experiments. In addition, I also show using a publicly available convolutional neural

network model pre-trained on several land cover images, characteristic of these stop-over sites and provide

explanations as to what makes these sites desirable and different from non stop-over sites. All methods are

evaluated on real world mobility datasets of migratory birds, the former on fine-grained (temporal) Turkey

vulture mobility dataset and the latter on both the Turkey vulture dataset and that of White Fronted Geese

(Anser albifrons) [238, 239].

The rest of the work is organized as follows: first, I provide a description of the proposed approach and

datasets. This is followed by the experiments as well as a result and discussion section and I conclude by

highlighting some limitations of this work and potential future directions.

6.2 Model

Given a time series {X≤t, ymt}Tt=n where X≤t ∈ Rd and ymt is a multi-dimensional vector representing

input features (X≤t = Xt−d, ...., Xt)
1 and discrete stop-over decision states respectively at each time-step t

where m = 2, the goal is to estimate {ym(t+k)}Tt=n given {X≤t}T−kt=n where k is the forecasting horizon.

1d is the duration of the temporal context relevant for the prediction task.
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6.2.1 Deep Bidirectional RNN

This is the same model described in the previous chapter and I discuss it again here. The Bi-directional

recurrent neural network [224] learns both backwards and forward context for improved sequence modelling

compared to conventional recurrent neural networks. For increased expressiveness, several layers of this

network can be stacked resulting in deep architectures. Given that the GRU equations in [223] can be

implemented by the function G, the deep Bi-GRU with input x, n layers and forward (
−→
ht) sequence, backward

(
←−
ht) sequence as well as output yt can then be updated as follows:

−→
ht
n

= G(
−→
h
n

t−1,
−→
h
n−1
t )

←−
ht
n

= G(
←−
h
n

t+1,
←−
h
n−1
t )

yt = W−→
h

−→
ht
n

+W←−
h

←−
ht
n

+ b

hn−1t = x when n = 1

(6.1)

6.2.2 Pseudo Labels, Losses & Training Objectives

A number of phenomena in nature are imbalanced. For instance, the tendency of a natural disaster to

happen, firing rates and spike bursts in the brain all have imbalanced distributions. Using this raw distribution

with statistical learning models most times would result in bias outcomes and has generated huge research

interest in recent times [240]. One clever approach towards reducing the effect of this imbalance without

destroying temporal dependencies inherent in the data is to create pseudo labels for the majority class by

dividing this class into multiple instances along dimensions that are unique within the class in relation to

the input features, whilst being close to the distribution of the minority class as much as possible, but

discriminative enough in this regards with respect to the input features. The binary cross entropy loss

objective is given by:

− (y log(p) + (1− y) log(1− p)) (6.2)

Where y represents the class and p the observation probability. Instead of minimizing the binary cross

entropy objective loss function, given input X at training time, I aim to find θ that minimizes the overall

training objective which is essentially a multi-class cross entropy loss objective within a binary cross entropy
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loss objective.

(6.3)Lθ = − 1

n

n∑
j=1

k∑
i=1

(ym,i|x≤j) log

(
pm
βi

)
− 1

n

n∑
j=1

(1− ym|x≤j) log

(
1− pm

)
+ λR(θe)

where ym,i represents the false labels/classes generated from the majority class ym conditioned on the sequence

of input features x≤j at each data point and the associated probability distribution pm is divided into smaller

segments based on some criterion using βi (see Algorithm 3 below) which is a function of the length of ym,i

while R(θe) is a regularizer with tuning hyperparameter λ. And the interpretation during training and most

especially during testing is such that:

ym, if argmaxC Pr(C|X≤t) ∈ ym,i

1− ym, otherwise
(6.4)

Where C represents the new class labels after incorporating pseudo labels such that ym,i ⊂ C.
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Figure 6.2: Schematic of the proposed model. The white rectangles represent fully connected layers
while the green & red ones represent respectively the model predictions & targets for the majority class
and the pseudo labels. The losses L are then summed up and back-propagated to learn the weights of the
network.

6.3 Datasets & Preprocessing

I evaluated proposed method on datasets of Turkey vulture described in detail below and also describe the

datasets of the White-Fronted Geese.
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6.3.1 Turkey vulture & The White-Fronted Geese (Anser albifrons)

2This species has been identified as the vector for the avian pox [241]. Turkey vulture movement

datasets [220] and [221] as part of an ongoing study were collected with the aid of GPS satellite transmitters.

I obtained the trajectories of three of the birds with the fewest missing data and with sampling at a resolution

of one hour as in the previous chapter. These birds breed in Washington and Oregon in the United States

as well as Saskatchewan in Canada. The diversity of the breeding sites considered provides an opportunity

to investigate the performance of the proposed approach and the baselines along different dimensions most

especially as regards the migration route.

The White-Fronted Geese on the other hand is a species of the Geese family belonging to a larger group of

birds called the waterfowl. It breeds in areas with water such as ponds, rivers and wet areas and eats food

such as grasses and berries. While the population of this species appears stable globally, population of other

species such as Anser erythropus is under threat [242]. Generally, there are populations of Geese in Europe,

North America (most especially in Canada) and Asia. They fly in V shaped formation likely as a strategy to

save energy [243]. A Dataset of 65 greater white-fronted geese [239] migrating between western Europe and

the Russian Arctic was collected over a period of 6 years. The bird species have been identified as potential

vector of infectious diseases [244] and to be precise a vector of the highly pathogenic Avian influenza Virus.

6.4 Environmental, Weather & Satellite Data

6.4.1 Environmental & Weather Data

As in the previous chapter, the movement trajectories of the Turkey vulture3 were annotated with weather

and environmental data using the Env-DATA annotation service [222]. I obtained the following features:

sunshine duration, snow temperature, population density, atmospheric water, albedo, downward ultraviolet

radiation at the surface, plant canopy surface water at surface, incident solar radiation, elevation, dew point

temperature, snow evaporation, soil water content, water vapour concentration, snow albedo, temperature

parameter in canopy conductance at surface, surface solar radiation downwards, soil temperature, surface

solar radiation, maximum temperature, evaporation, ice temperature, land surface temperature night, land

surface temperature day, surface thermal radiation and ten metre wind gust.

2See previous chapter for more information about the Turkey vulture.
3Three of them with the least amount of missing data.
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6.4.2 Satellite Images

Satellite image patches from the Sentinel-2 satellite (part of the Copernicus sentinel missions) were collected

using its API. Coordinates corresponding to the first and last seen stop-over points as well as the dates were

used as input. I retrieved only the most recent image patches available online relative to the last seen date of

the birds at each stopover site each season. Also, I only retrieved image patches with cloud cover of not more

than 5 (see section 6.5.2, Q8 below for information on how the images were used).

6.4.3 Data Preprocessing

6.4.3.1 Environmental & Weather Data

All missing data in the environmental & weather data were replaced with the last observed points in the

sequence. I divided these data into two sets: 75% for training and the rest for testing (Tables 6.1, 6.2 and 6.3).

The distance covered was computed using the Haversine formula. For the purpose of this task, I considered

the movement state as not moving when distance between two contiguous points is less than or equal to 1km

and moving if otherwise.

(6.5)distance(km) = 2rsin−1 ∗

√
sin2

(
la2 − la1

2

)
+ cos(la1) cos(la2) sin2

(
lo2 − lo1

2

)

Where r is the radius of earth, equal to 6371km and la2, la1 represents contiguous latitude points while

lo2, lo1 represents contiguous longitude points.

6.4.3.2 Images

The downloaded image patches were atmospherically corrected. The sentinel-2 images have 13 spectral

bands spread across three resolutions of 10m, 20m and 60m. The images were downsampled (10m band:120x120

pixels, 20m band: 60x60 pixels and 60m band: 20x20 pixels) as in [245] and converted from JPEG to TIF. I

removed one of each duplicated images corresponding to instances where the bird left and returned to the

same stopover site.

Data Move N. Moving
Training 0.22 0.78

Test 0.23 0.77

Table 6.1: Distribution of the two classes of interest (Rosalie). Showing the decision to move class is
in the minority.
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Data Move N. Moving
Training 0.21 0.79

Test 0.15 0.85

Table 6.2: Distribution of the two classes of interest (Mac). Showing the decision to move class is in
the minority for the dataset.

Data Move N. Moving
Training 0.20 0.8

Test 0.26 0.74

Table 6.3: Distribution of the two classes of interest (Morongo). Showing the decision to move class
is in the minority.

6.5 Experiments & Procedures

I evaluated all models using accuracy and F1 scores. All deep learning models were trained three times

and evaluated on the test set for the same amount of time. I reported the mean and standard deviations

of these results. To recast the problem as a multi-classification task, for simplicity, I divided the majority

class along the dimension of migration or movement state (see Algorithm 3 below). Here, there are three

movement states corresponding to breeding, wintering and migration where the fall and spring migration

states have been merged together.

Algorithm 3 Pseudo labels

1: Input: (ymt, M
it), Output: Pseudo labels, ymt

2: for each t in ymt:
3: if M it = Spring or Fall M. & ymt{t} ∈ Majority class:

4: ymt{t}← M t(i=Fall M.) ;
5: elif M it 6= Spring or Fall M. & ymt{t} ∈ Majority class:

6: ymt{t}← M t(i=Breeding, Wintering) ;
7: else:
8: ymt{t}← Minority Class
9: end

10: end
11: return ymt

6.5.1 Model Architecture & Parameters

I used a four layer4 bidirectional recurrent neural network scanning in both directions implemented using

the gated recurrent unit [223] where the input representing the data described in the environmental &

weather data section above including the movement coordinates were fed to the network using a many to one

4This produced better results compared to smaller number of layers.
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architecture. The LSTM [111] can also be used here as the performance of both when compared were the

same. The hyper-parameters used include the Adam optimizer [230], cell units = 60, time step = 60, batch

size = 100 learning rate = 1e-2 and a softmax at the output layer. No significance tests were carried out.

6.5.2 Experiments

I designed a number of experiments described in detail below to answer several questions that can help

shed light with respect to the objectives of this work5. The experiments were divided broadly into two so as

to assess the performance of the proposed model and as well answer some important biological and ecological

questions.

• Q1: How better can I forecast the stopover decisions of this bird using proposed approach with respect

to some baselines? To do this, I used the proposed approach and compared the performance with

several baselines described below using the Turkey vulture datasets.

• Q2: What is the influence of the depth of the model/network on performance? Using the Turkey

vulture datasets, I compared the proposed approach with a 1-layer Bidirectional recurrent network as

an ablation study.

• Q3: How does the proposed approach perform when used without the false labels? I used this as an

ablation and compared the proposed model with one trained using a binary cross entropy loss using the

Turkey vulture datasets.

• Q4: How do the baseline models perform even when used with pseudo labels? I investigated if the

proposed loss objectives can improve the performance of the baseline models using the Turkey vulture

datasets.

• Q5: How do other techniques for handling unbalanced data perform on sequential data compared to

the proposed approach? Using the Turkey vulture movement datasets, I compared techniques such as

under-sampling with the proposed approach. For instance I set class weight to balanced for random

forest and logistic regression and use weighted cross entropy loss for the deep learning models .

• Q6: Can I estimate the duration of stopover of the Turkey vulture bird and how does this compare

with the ground truth? To answer this question, I compared the results of the model relative to the

5see Section 6.1
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ground truth at each stop-over period greater than or equal to 2 hours relative to the ground truth

data. Only the bird (Rosalie) with the biggest trajectory size and minimum missing data was used here

to minimize uncertainty as much as possible.

• Q7: While the nature of the breeding and wintering habitats of the Turkey vulture is known, I ask, what

are the peculiar features of the Turkey Vulture stop-over sites? To answer this question, I extracted

instances where there have been significant time spent during stop-overs in the dataset. See Q8 below

for more detailed description of the process involved. Only the bird (Rosalie) with the biggest trajectory

size and minimum missing data was used here for brevity6.

• Q8: What are the features peculiar to the stop-over sites of the White Fronted Geese? I used the pre-

trained ResNet-50 architecture with a fully connected layer at the output consisting of 19 neurons (model

of [245]). The labels/classes were provided from the CORINE Land Cover database of the year 2018

(CLC 2018) and merged into 19 groups for easy classification7. Since this is a multi label classification

task, I selected a probability threshold ≥ 0.1 to observe what land cover/habitats dominates in the

image patches. I validated the output of this model by cross-checking it with some of the coordinates

that are well known locations/places online (wikipedia for instance). Only the bird with the biggest

trajectory size in the flock per year was considered here.

6.5.3 Baselines

I compared the proposed approach to several baselines (considered to be competitive) including deep and

classical learning methods8. In addition, a number of ablation experiments were carried out.

• Markov Chain (MC): Markov chain is a probabilistic model for a sequence of states where the

probability of one state is dependent on the previous state. I used Markov chain as used in [70]

to forecast stop-over sites but this time around to forecast stop-over decisions with the transition

probabilities designed around the two mobility states.

• Deep Neural Network (DNN): A feed-forward network with two layers and 256 neurons each,

dropout = 0.2, batch size = 100, softmax layer at the output and Adam opimizer [230].

• Recurrent Neural Network (RNN): A GRU network with 1 layer, 60 cells, dropout = 0.2, softmax

6I leave the rest as future work as it takes a lot of time to download the satellite images.
7The satellite images downloaded in this work were fed as input to the model so that that the model can predict its labels.
8Grid search used to estimate some of the parameters.
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layer at the output and Adam optimizer [230]. I trained the neural networks given the procedures

described for the proposed approach above.

• Bidirectional-RNN (GRU): As the first ablation baseline, I used a deep bidirectional recurrent

neural network with just one layer and all other parameters described above for the proposed approach

and without the pseudo loss objective.

• Logistic Regression (LR): This model uses a logistic function to model a binary dependent variable

by predicting the odds of each class in the variable conditioned on the independent input variables.

• Support Vector Machine (SVM): This algorithm categorizes data according to optimal hyperplanes

that maximizes the distance separating the classes of interest given the training data. I used a one

versus one strategy for SVM.

• Random Forest (RF): The Random Forest algorithm [246] is an ensemble of individual decision trees

where each tree predicts the class when used in a classification framework and the class with the most

votes becomes the model’s prediction. I also used random forest as it was used in [71] to determine

what environmental factors are important for stop-over decisions with maximum depth set to 2.

No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Proposed
Model

Accuracy (%) 77.86 78.57 76.77 76.77 73.63 76.74 76.75 81.76±0.123
Accuracy - Migration Window (%) 75.22 74.44 68.11 68.11 74.81±0.85 67.57 67.57 86.74±0.47

1 F1 scores (0.87,0.36) (0.87,0.23) (0.87,0) (0.87,0) (0.83, 0.43) (0.87,0) (0.87,0) (0.88, 0.59±0.01)
F1 scores- Migration Window (0.84, 0.41) 0.84, 0.37) (0.81, 0) (0.81, 0) (0.82, 0.57±0.01) (0.8, 0) (0.8, 0) (0.91, 0.79)

Accuracy (%) 76.72 76.76 76.76 76.77 64.89 76.74 76.75 78.19±0.25
Accuracy - Migration Window (%) 68.63 68.96 68.96 68.96 60.64±0.64 67.53 67.53 79.67±0.2

6 F1 scores (0.87,0) (0.87, 0) (0.87,0) (0.87,0) (0.77,0.23) (0.87,0) (0.87,0) (0.87, 0.36±0.01)
F1 scores- Migration Window (0.81, 0) (0.82, 0) (0.82, 0) (0.82, 0) (0.73, 0.26±0.02) (0.8, 0) (0.8, 0) (0.86, 0.64)

Accuracy (%) 76.94 76.76 76.76 76.76 64.83 76.73 76.76 77.44±0.392
Accuracy - Migration Window (%) 70.76 69.31 69.31 69.31 60.47±0.48 67.42 67.42 75.07

18 F1 scores (0.87,0) (0.87, 0) (0.87,0) (0.87,0) (0.77, 0.22) (0.87,0) (0.87,0.1) (0.87, 0.29)
F1 scores- Migration Window (0.82, 0) (0.82, 0) (0.82, 0) (0.82, 0) (0.73, 0.27±0.01) (0.8, 0) (0.8, 0) (0.83, 0.55)

Accuracy (%) 76.52 76.75 76.75 76.75 64.81±0.5 76.73 76.73 76.95±0.55
Accuracy - Migration Window (%) 68.94 68.82 68.82 68.82 60.36±0.6 67.35 67.35 73.37±0.18

24 F1 scores (0.86,0) (0.87, 0) (0.87,0) (0.87,0) (0.77, 0.22) (0.87, 0) (0.87, 0) (0.87, 0.17)
F1 scores- Migration Window (0.81, 0.15) (0.81, 0) (0.81, 0) (0.81, 0) (0.73, 0.28±0.02) (0.8, 0) (0.8, 0) (0.82, 0.47±0.04)

Table 6.4: Performance comparison (Rosalie). The proposed approach can be seen to outperform all
baselines across the four experiments. The F1 scores from left to right is for the decision not to move and
otherwise. The figures in bold correspond to the best performing model. Confidence intervals omitted when
less than 0.01. Bold numbers correspond to the best performing model.

6.6 Results & Discussion

I discuss the results of the experiments as well as the answers to the questions asked above here in the

order listed.
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No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Proposed
Model

Accuracy (%) 74.19 74.38 74.38 74.38 77±0.3 74.35 74.35 83.55±1.2
Accuracy-Migration window only(%) 71.20 70.77 70.77 70.77 77.40±0.58 70.71 70.71 84.84±0.4

1 F1 scores (0.85,0) (0.85,0) (0.85,0) (0.85,0) (0.85,0.53) (0.85,0) (0.85,0) (0.89±0.01, 0.67)
F1 scores- Migration window (0.83,0) (0.83,0) (0.83,0) (0.83,0) (0.84, 0.58±0.01) (0.83,0) (0.83,0) (0.89, 0.72±0.02)

Accuracy (%) 74.38 74.38 74.38 74.38 64.76±0.43 74.34 74.16 78.83
Accuracy -Migration window only(%) 70.80 70.80 70.80 70.80 62.30±0.39 70.71 70.41±0.27 79.37±1.4

6 F1 scores (0.85,0) (0.85,0) (0.85,0) (0.85,0) (0.77,0.22) (0.85,0) (0.85,0) (0.86±0.02, 0.54±0.06)
F1 scores- Migration window (0.83,0) (0.83,0) (0.83,0) (0.83,0) (0.75, 0.23) (0.83,0) (0.82, 0.15±0.06) (0.86, 0.59±0.01)

Accuracy (%) 74.27 74.44 74.44 73.51 65.07±0.33 74.33 74.33 75.36
Accuracy - migration window only(%) 70.66 70.83 70.83 70.83 62.66±0.3 70.71 70.71 71.69±1.39

18 F1 scores (0.85,0) (0.85,0) (0.85,0) (0.85,0) (0.85, 0.22) (0.85,0) (0.85,0) (0.85,0.18±0.04)
F1 scores- Migration window (0.83,0) (0.83,0) (0.83,0) (0.83,0) (0.75, 0.23) (0.83,0) (0.83,0) (0.83, 0.13±0.09)

Accuracy (%) 74.32 74.40 74.40 74.40 65±0.62 74.32 74.32 74.56±0.25
Accuracy - Migration window only(%) 70.77 70.88 70.88 70.88 63.04±0.29 70.71 70.71 71.75±0.9

24 F1 scores (0.85,0) (0.85,0) (0.85,0) (0.85,0) (0.77, 0.22) (0.85,0) (0.85,0) (0.85, 0.1±0.05)
F1 scores - Migration window (0.83,0) (0.83,0) (0.83,0) (0.83,0) (0.75, 0.24±0.01) (0.83,0) (0.83,0) (0.83, 0.22±0.13)

Table 6.5: Performance comparison (Morongo). Proposed approach can be seen to perform better than
the baselines most time across the four experiments. The F1 scores from left to right is for the decision not
to move and otherwise. The figures in bold correspond to the best performing model. Confidence intervals
omitted when less than 0.01. Bold numbers correspond to the best performing model.

No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Proposed
Model

Accuracy (%) 85.24 85.24 85.24 85.24 83.28± 0.44 85.17 85.17 88.58
Accuracy - Migration window (%) 80.86 80.66 80.66 80.66 81.44±0.8 80.62 80.62 88.34±0.23

1 F1 scores (0.92,0) (0.92,0) (0.92,0) (0.92,0) (0.9, 0.47±0.02) (0.92,0) (0.92,0) (0.93,0.61±0.02)
F1 scores- Migration window (%) (0.89, 0) (0.89, 0) (0.89, 0) (0.89, 0) (0.88, 0.53±0.01) (0.89, 0) 0.89, 0) (0.93, 0.68±0.04)

Accuracy (%) 85.24 85.24 85.24 85.24 70± 0.24 85.17 85.17 86.06
Accuracy - Migration window (%) 80.72 80.72 80.72 80.72 67.58±0.6 80.62 80.62 82.20±1.74

6 F1 scores (0.92,0) (0.92, 0) (0.92,0) (0.92,0) (0.82,0.17± 0.01) (0.92,0) (0.92,0) (0.92, 0.55±0.04)
F1 scores- Migration window (%) (0.89, 0) (0.89, 0) (0.89, 0) (0.89, 0) (0.8, 0.21) 0.89, 0) 0.89, 0) (0.9, 0.39±0.19)

Accuracy (%) 85.19 85.35 85.22 85.22 69.81± 0.27 85.17 85.17 85.93
Accuracy - Migration window (%) 80.53 81.04 80.59 80.59 67.41±0.4 80.62 80.62 81.71±1.3

18 F1 scores (0.92,0) (0.92, 0) (0.92,0) (092,0) (0.81, 0.18) (0.92,0) (0.92,0) (0.92,0.35±0.09)
F1 scores- Migration window (%) (0.89, 0) (0.89, 0) (0.89, 0) (0.89, 0) (0.79, 0.21) 0.89, 0) 0.89, 0) (0.89±0.01, 0.51±0.05)

Accuracy (%) 85.21 85.21 85.21 85.21 70.34± 0.57 85.13 85.13 85.48
Accuracy - Migration window (%) 80.52 80.52 80.52 80.52 67.13±0.8 80.62 80.62 81.63±1.3

24 F1 scores (0.92,0) (0.92, 0) (0.92,0) (092,0) (0.82, 0.19±0.01) (0.92,0) (0.92,0) (0.92,0.31±0.11)
F1 scores- Migration window (%) (0.89, 0) (0.89, 0) (0.89, 0) (0.89, 0) (0.79, 0.21) 0.89, 0) 0.89, 0) (0.89, 0.35±0.14)

Table 6.6: Performance comparison (Mac). Proposed approach can be seen to outperform all baselines
across the four experiments. The F1 scores from left to right is for the decision not to move and otherwise.
The figures in bold correspond to the best performing model. Confidence intervals omitted when less than
0.01. Bold numbers correspond to the best performing model.

No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Accuracy (%) 77.23 77.65 76.75 76.77±0.38 73.62±0.47 75.41±1.18 75.26±1.15
Accuracy - Migration Window (%) 76.55 82.22 67.89 67.88 74.11±0.98 59.55±1.4 63.50±4.58

1 F1 scores (0.86,0.4) (0.87,0.19) (0.87,0) (0.87,0) (0.83,0,42±0.01) (0.86±0.01, 0.05±0.06) (0.85±0.01, 0.15±0.1)
F1 scores - Migration Window (%) (0.85, 0.47) (0.88, 0.73) (0.81, 0) (0.81, 0) (0.87, 0.58±0.02) (0.73±0.02, 0.14±0.08) (0.74±0.05 0.36±0.07)

Accuracy (%) 75.17 76.46 76.76 76.77 64.35±0.89 75.32±0.89 73.24±0.83
Accuracy - Migration Window (%) 62.18 66.96 67.74 67.73 33.44 ±1.43 62.78±2.44 61.76±1.94

6 F1 scores (0.86, 0.07) (0.87, 0.02) (0.87, 0) (0.87, 0) (0.77,0.22±0.01) (0.86, 0.11±0.03) (0.84, 0.27±0.05)
F1 scores - Migration Window (%) (0.75, 0.2) (0.8, 0) (0.81, 0) (0.81, 0) (0.49±0.01, 0.24±0.02) (0.75±0.03, 0.25±0.13) (0.72±0.03, 0.39±0.06)

Accuracy (%) 76.17 76.76 76.76 76.76 65±0.47 75.63±0.87 73.79±0.14
Accuracy - Migration Window (%) 68.19 65.62 65.62 65.62 19.03±0.9 63.42±1.3 68.02±2.7

18 F1 scores (0.86,0.20) (0.87, 0) (0.87, 0) (0.87, 0) (0.77, 0.22) (0.86±0.01, 0.06±0.05) (0.84,0.26±0.03)
F1 scores - Migration Window (%) (0.8, 0.2) (0.79, 0) (0.79, 0) (0.79, 0) (0.29, 0.24±0.02) (0.76, 0.14±0.03) (0.71±0.06, 0.42±0.06)

Accuracy (%) 75.79 76.68 76.75 76.74 64.51±0.29 74.06±1.41 71.12±1.5
Accuracy - Migration Window (%) 67.26 64.02 64.58 64.58 16.27±0.6 60.41±2.4 60.52±2.5

24 F1 scores (0.86,0.21) (0.87, 0) (0.87, 0) (0.87, 0) (0.77, 0.22) (0.85±0.01, 0.06) (0.82±0.01, 0.19±0.05)
F1 scores - Migration Window (%) (0.8, 0.31) (0.78, 0) (0.78, 0) (0.78, 0) (0.23, 0.26) (0.74±0.02, 0.1±0.04) (0.73±0.03, 0.26±0.06 )

Table 6.7: Performance comparison of baselines with pseudo labels (Rosalie). Overall, the perfor-
mance of the baseline models can be seen on the average to have degraded slightly when used with pseudo
labels.
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No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Accuracy(%) 73.71 74.75 74.38 74.38 77.26 74.31 74.46
Accuracy-migration window only(%) 71.13 70.71 70.71 70.71 75.20±0.36 70.58±0.19 70.51±0.16

1 F1 scores (0.84,0.24) (0.85,0) (0.85,0) (0.85,0) (0.85,0,53) (0.85, 0) (0.85, 0)
F1 scores - Migration window (0.82, 0.23) (0.83, 0) (0.83, 0) (0.83, 0) (0.86, 0.57) (0.83, 0) (0.82, 0)

Accuracy (%) 71.16 74.44 74.38 74.38 64.70 74.26 72.28±1.09
Accuracy-migration window only(%) 66.86 70.55 70.55 70.55 43.27±0.7 70.71 70.86±0.71

6 F1 scores (0.82,0.25) (0.85,0 (0.85,0) (0.85,0) (0.77,0.22) (0.85, 0) (0.83, 0.19±0.02)
F1 scores - Migration window (0.78, 0.27) (0.83, 0) (0.83, 0) (0.83, 0) (0.6, 0.24) (0.82, 0) (0.82, 0.12±0.01)

Accuracy (%) 73.28 74.40 74.38 74.38 64.66 74.35 73.10±0.9
Accuracy-migration window only(%) 69.05 69.93 69.93 69.92 32.15±0.5 70.36±0.5 70.67±0.3

18 F1 scores (0.84,0.17) (0.85,0) (0.85,0) (0.85,0) (0.77,0.22) (0.85,0) (0.83±0.01, 0.23±0.1)
F1 scores - Migration window (0.81, 0.16) (0.82, 0) (0.82, 0) (0.82, 0) (0.49, 0.23) (0.82, 0) (0.81±0.02, 0.28±0.23)

Accuracy (%) 72.78 74.40 74.40 74.40 65.31±0.18 74.26 73.69
Accuracy-migration window only(%) 67.86 69.74 69.74 69.74 29.46±0.12 70.48±0.2 69.99±0.5

24 F1 scores (0.84, 0.11) (0.85, 0) (0.85, 0) (0.85, 0) 0.77, 0.23±0.01 (0.85, 0) (0.84, 0.10±0.05)
F1 scores - Migration window (0.8, 0.12) (0.82, 0) (0.82, 0) (0.82, 0) (0.46, 0.22) (0.82, 0) (0.82, 0)

Table 6.8: Performance comparison of baselines with pseudo labels (Morongo). Overall, the
performance of the baseline models can be seen on the average to have degraded slightly when used with
pseudo labels. The F1 scores from left to right is for the decision not to move and otherwise.

No of hours
in advance

Performance
Metric

Models

LR RF SVM DNN MC
RNN
(1-L)

Bi-RNN
(1-L)

Accuracy (%) 82.92 85.24 85.24 85.24 83.88±0.75 83.80±0.86 85.16
Accuracy - Migration window (%) 81.73 80.66 80.66 80.66 80.86±0.49 78.24±3.4 79.90±1.14

1 F1 scores (0.9,0.25) (0.92,0) (0.92,0) (0.92,0) (0.9, 0,49±0.01) (0.9,0) (0.92,0)
F1 scores- Migration window (%) (0.9, 0.25) (0.89, 0) (0.89, 0) (0.89, 0) (0.9, 0.53) (0.88±0.02, 0) (0.88, 0)

Accuracy (%) 74.78 85.22 85.22 85.24 70.42 84.81±0.45 78.01±3.45
Accuracy - Migration window (%) 69.73 80.72 80.72 80.72 53.41±0.35 80.02±0.7 73.91±4.05

6 F1 scores (0.85,0.28) (0.92,0 (0.92,0) (0.92,0) (0.82 ,0.15) (0.92,0.1±0.08) (0.87±0.02 ,0.24±0.11)
F1 scores- Migration window (%) (0.8, 0.33) (0.89, 0) (0.89, 0) (0.89, 0) (0.69, 0.2) (0.89, 0) (0.83±0.04, 0.34±0.1)

Accuracy (%) 79.30 85.22 85.22 85.22 70.37±0.94 85.01 79.89±3.9
Accuracy - Migration window (%) 77.69 80.59 80.59 80.59 38.15±0.5 79.77±0.7 74.86±2.3

18 F1 scores (0.88,0.20) (0.92,0) (0.92,0) (0.92,0) (0.82, 0.17±0.01) (0.92,0) (0.88±0.03,0.24±0.17)
F1 scores- Migration window (%) (0.87, 0.21) (0.89, 0) (0.89, 0) (0.89, 0) (0.55, 0.2) (0.89, 0) (0.85±0.02, 0.45±0.03)

Accuracy (%) 82.05 85.21 85.21 85.21 70±0.14 84.90±0.39 83.19±1.66
Accuracy - Migration window (%) 79.67 80.52 80.52 80.52 36.05±1.38 80.40±0.1 80.08±0.4

24 F1 scores (0.9,0.19) (0.92, 0) (0.92,0) (0.92,0) 0.82, 0.18 (0.92, 0) (0.91±0.01, 0.1±0.03)
F1 scores- Migration window (%) (0.88, 0.15) (0.89, 0) (0.89, 0) (0.89, 0) (0.53±0.01, 0.19±0.01) (0.89, 0) (0.89, 0.12±0.07)

Table 6.9: Performance comparison of baselines with Pseudo labels (Mac). Overall, the performance
of the baseline models can be seen on the average to have degraded slightly when used with pseudo labels.
Confidence intervals are omitted when less than 0.01.

hrs in advance 1 6 18 24

Accuracy (%) 81.59±0.395 78±0.2633 77.03±0.3351 76.94 ± 0.04
Accuracy- Migration Window (%) 87.68±1.57 78.58±0.5 70.97±1.61 70.39±1.67

Without F1 minority class 0.55±0.06 0.37±0.06 0.26±0.126 0
F1 minority class - Migration Window (%) 0.79±0.04 0.61±0.03 0.24±0.11 0.22±0.11

F1 majority class 0.88 0.87 0.86 0.87
F1 majority class - Migration Window (%) 0.91 0.85 0.82 0.82

Accuracy (%) 81.76 78.19 77.44 76.95±0.455
Accuracy- Migration Window (%) 86.74±0.47 79.67±0.2 75.07 73.37±0.18

With F1 minority class 0.59 0.36 0.29 0.17
F1 minority class - Migration Window (%) 0.79 0.64 0.55 0.47±0.04

F1 majority class 0.88 0.87 0.87 0.86
F1 majority class - Migration Window (%) 0.91 0.86 0.83 0.82

Table 6.10: Performance of model with and without pseudo loss (Rosalie). The performance of the
proposed approach can be seen to have degraded a bit without the pseudo loss. Bold numbers correspond to
the best performing model.
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hrs in advance 1 6 18 24

Accuracy(%) 83.67±0.9 80±0.8 75±0.8 75.08 ± 0.05
Accuracy-migration window only(%) 84.95±2.52 80.31±0.37 71.82±0.67 71.50±0.95

Without (F1 minority class) 0.66±0.03 0.6±0.01 0.13±0.11 0.1 ± 0.08
F1 minority class - migration window only(%) 0.71±0.08 0.63±0.05 0.15±0.12 0.13±0.13

F1 majority class 0.89 0.86 0.85 0.85
F1 majority class - migration window only(%) 0.9±0.01 0.86 0.83 0.83

Accuracy (%) 83.55±1.2 78.88±1.3 75.36 74.56±0.25
Accuracy-migration window only(%) 84.84±0.4 79.37±1.4 71.69±1.39 71.75±0.9

With (F1 minority class) 0.67 0.54±0.06 0.18±0.04 0.1±0.05
(F1 minority class - migration window only(%) 0.72±0.02 0.59±0.01 0.13±0.09 0.22±0.13

F1 majority class 0.89±0.01 0.86±0.02 0.85 0.85
F1 majority class - migration window only(%) 0.89 0.86 0.83 0.83

Table 6.11: Performance of model with and without pseudo loss (Morongo). The performance with
and without the pseudo labels is almost the same.

hrs in advance 1 6 18 24

Accuracy(%) 88 87±1.41 83.33±0.47 84.53 ± 1.11
Accuracy- Migration window 87.57±0.4 84.58±0.32 82.90±3.1 82.44±0.8

Without F1 minority class 0.61±0.02 0.56±0.01 0.47±0.03 0.29±0.13
F1 minority class-Migration window 0.65±0.02 0.6±0.04 0.42±0.13 0.46±0.04

F1 majority class 0.93 0.92 0.92 0.92±0.01
F1 majority class-Migration window 0.92 0.9 0.89 0.82

Accuracy (%) 88.58 86.06 85.93 85.48
Accuracy - Migration window (%) 88.34±0.23 82.20±1.74 81.71±1.3 81.63±1.3

With F1 minority class 0.61±0.02 0.55±0.04 0.35±0.09 0.31±0.11
F1 minority class-Migration window 0.68±0.04 0.39±0.19 0.51±0.05 0.35±0.14

F1 majority class 0.93 0.92 0.92 0.92
F1 majority class-Migration window 0.93 0.9 0.89±0.01 0.89

Table 6.12: Performance of model with and without pseudo loss (Mac). The performance between
the two models can be seen to be almost the same due to the small size of dataset used. Confidence intervals
are omitted when less than 0.01.

• A1: Results in Tables 6.4, 6.5 and 6.6 show I can forecast the mobility decisions with the proposed

approach better than a variety of baselines. Not only are the accuracies better but the F1 scores for the

minority class across the experiments are better. In addition, the F1 scores for migration period only,

show that the stop-over decisions using proposed model can be estimated with good scores.

• A2: The increase in the depth of the model/network helped improve the performance with and without

the use of the pseudo loss objectives (See Tables 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11 and 6.12).

• A3: Results in Tables 6.10, 6.11 and 6.12 show that without the pseudo labels, the proposed approach

on the average outperforms its version without the pseudo loss objective most especially over longer

forecast horizon.

• A4: Results in Table 6.7, 6.8 and 6.9 show that the performance of the baselines degrades slightly on
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No of hours
in advance

Performance
Metric

Models

LR RF DNN
RNN
(1-L)

Bi-RNN
(1-L)

Bi-RNN
(4-L)

Acc.(%) 75.98 75.37 76.77 24.35 32.82 79± 0.01
Acc.- Migration Window(%) 83.11 85.11 73.40±7.49 32.09±0.4 55.981.1 84.22±2.3

1 F1 scores (0.83,0.57) (0.82,0.59) (0.87,0) (0, 0.372) (0.22±0.1,0.4±0.01) (0.85±0.01, 0.65±0.01)
F1 scores - Migration Window (0.88, 0.72) (0.89, 0.77) (0.83±0.03, 0.26) (0, 0.48±0.01) (0.35±0.22, 0.54±0.03) (0.87±0.02, 0.79±0.02)

Acc.(%) 56.13 56.08 76.74 24.87 50.81±0.1 70± 0.02
Acc.- Migration Window(%) 55.28 53.61 68.96 34.5±1.9 55.78±2.46 74.62±3

6 F1 scores (0.64,0.44) (0.63,0.46) (0.87,0)) (0,0.376) (0.78± 0.02,0.45± 0.03) (0.54± 0.16,0.56±0.01)
F1 scores - Migration Window (0.58, 0.52) (0.51, 0.56) (0.82, 0) (0, 0.49) (0.55±0.05, 0.56±0.01) (0.78±0.03, 0.7±0.02)

Acc.(%) 67.57 63.70 76.75 23.59 54.15±0.1 63.77± 0.014
Acc.- Migration Window(%) 67.41 65.96 68.27±1.47 32.92±0.4 48.77±11.75 62.88±7.51

18 F1 scores (0.77,0.44) (0.72,0.46) (0.87,0) (0,0.376) (0.6±0.11,0.44±0.02) (0.71±0.02,0.5)
F1 scores - Migration Window (0.75, 0.52) (0.73, 0.53) (0.81±0.01, 0) (0, 0.49) (0.31±0.28, 0.52±0.03) (0.64±0.1, 0.61±0.04)

Acc.(%) 67.22 66.64 76.75 23.34±0.1 23.51±0.27 57.6±4.2
Acc.- Migration Window(%) 70.95 72.18 68.82 32.61±0.4 33.41±1.07 64.35±1.42

24 F1 scores (0.77, 0.42) (0.76, 0.44) (0.87, 0) (0, 0.38) (0, 0.37) (0.65, 0.46)
F1 scores - Migration Window (0.78, 0.55) (0.79, 0.57) (0.81, 0) (0, 0.49) (0, 0.48±0.02) (0.66±0.02, 0.62)

Table 6.13: Performance comparison (Rosalie). Baseline models when used with classical data imbalance
techniques. Some of the results are not monotonic due to the destruction of the temporal dependency in the
data by the use of special resampling and re-weighting techniques thus rendering these methods not so useful
for tasks such as forecasting (an exception is the proposed model without the pseudo loss due to its deep
architecture). Confidence intervals are omitted when less than 0.01.

No of hours
in advance

Performance
Metric

Models

LR RF DNN
RNN
(1-L)

Bi-RNN
(1-L)

Bi-RNN
(4-L)

Acc.(%) 73 75 57.66±23 45.33±3.3 56.57±5.2 79.47± 2.56
1 F1 scores (0.82,0.44) (0.81,0.61) (0.65±0.28,0.1±0.1) (0.51±0.1,0.32±0.14) (0.64±0.08, 0.42±0.04) (0.85±0.02, 0.69±0.02)

Acc.- Migration Window(%) 73.29 76.59 70.79 30.56±0.9 41.91±6.07 75.41±6.2
F1 scores - Migration Window (0.83, 0.42) (0.82, 0.65) (0.83, 0) (0, 0.45) (0.39±0.17, 0.41±0.07) (0.79±0.06, 0.69±0.05)

Acc.(%) 57 50 27 51.33±7.4 63.67±1.6 66.67± 1.88
6 F1 scores (0.63,0.48) (0.51, 0.49) (0,0.4)) (0.55±0.12,0.45±0.02) (0.71± 0.02,0.53) (0.73± 0.01,0.58±0.01)

Acc.- Migration Window(%) 58.46 54.10 70.79 31.24±2 55.10±9.1 66.57±4.28
F1 scores - Migration Window (0.63, 0.53) (0.53, 0.55) (0.82, 0) (0, 0.45) (0.54±0.15, 0.55±0.04) (0.7±0.05, 0.62±0.02)

Acc.(%) 65.76 64.64 39.03±9 52.33±13.57 57.67±9.4 60± 4.97
18 F1 scores (0.76,0.4) (0.72,0.5) (0.36 ±0.26,0.35) (0.56±0.2,0.34±0.1) (0.64±0.12,0.44±0.02) (0.66±0.06,0.51±0.02)

Acc.- Migration Window(%) 66.86 59.21 69.66±1.65 37.82±7.3 50.74±6.3 55.95
F1 scores - Migration Window (0.77, 0.43) (0.65, 0.51) (0.82±0.02, 0) (0.27±0.21, 0.43±0.02) (0.51±0.1, 0.49±0.02) (0.58, 0.54)

Acc.(%) 66.33 63.84 32.48±6.1 30.59±4.17 37.53±5.4 0.51±0.11
24 F1 scores (0.78, 0.27) (0.73, 0.43) (0.26±0.21, 0.33) (0.14±0.11,0.41 ) (0.34±0.12, 0.39±0.02) (0.53±0.16, 0.46±0.02)

Acc.- Migration Window(%) 65.36 65.06 64.47±5.19 29.84±0.45 32.27±1.6 45.74±5.86
F1 scores - Migration Window (0.77, 0.27) (0.74, 0.48) (0.75±0.08, 0.35±0.24) (0, 0.45) (0.13±0.04, 0.45) (0.41±0.11, 0.49±0.02)

Table 6.14: Performance comparison (Morongo). Baseline models when used with classical data
imbalance techniques. Confidence intervals are omitted when less than 0.01. The temporal dependency in
the data can be seen to have been destroyed using these techniques apart from the very deep model. The F1
scores from left to right is for the decision not to move and otherwise.

No of hours
in advance

Performance
Metric

Models

LR RF DNN
RNN
(1-L)

Bi-RNN
(1-L)

Bi-RNN
(4-L)

Acc.(%) 73 66 39.33±19.6 42.97±5.7 54.67±4.1. 77.99± 0.8
1 F1 scores (0.82,0.47) (0.76,0.44) (0.43±0.31,0.24±0.17) (0.53±0.08,0.25±0.02) 0.67±0.03,0.25±0.05) (0.85, 0.55)

Acc.- Migration Window(%) 78.98 70.38 73.62±0.03 30.99±2 42.04±10.02 78.39±0.02
F1 scores - Migration Window (0.86, 0.58) (0.78, 0.53) (0.81±0.03, 0.53±0.01) (0.28±0.04, 0.33) (0.46±0.16, 0.35±0.02) (0.85±0.02, 0.63±0.02)

Acc.(%) 55 47 38.33±33 50±10.61 60.33±0.9 73.67± 1.88
6 F1 scores (0.65,0.36) (0.56,0.35) (0.31±0.43,0.17±0.12)) (0.59±0.14,0.32±0.02) (0.71±0.01,0.38) (0.82±0.02,0.51±0.01)

Acc.- Migration Window(%) 58 47.52 57.95±27.48 19.98±0.3 58.44±3.6 73.44±3.3
F1 scores - Migration Window (0.66, 0.45) (0.52, 0.42) (0.58±0.41, 0.11±0.11) (0, 0.32) (0.66±0.04, 0.46±0.01) (0.8±0.03, 0.58±0.03)

Acc.(%) 64 73 56.12±17.82 41.33±7.6 57.67±5.4 72.33± 3.2
18 F1 scores (0.75,0.34) (0.83,0.4) (0.67 ±0.16,0.25±0.1) (0.48±0.11,0.3±0.01) (0.68±0.05,0.37±0.02) (0.81±0.03,0.48±0.01)

Acc.- Migration Window(%) 66.74 75.02 42.51±16.34 24.46±0.02 59.44±3 72.38±1.1
F1 scores - Migration Window (0.77, 0.41) (0.84, 0.45) (0.42±0.3, 0.36±0.02) (0.14±0.06, 0.32) (0.68±0.03, 0.44±0.02) (0.8±0.01, 0.56)

Acc.(%) 70.49 64.23 85.21 22±5.1 23.51±0.27 72.21±1.8
24 F1 scores (0.8, 0.38) (0.74, 0.41) (0.92, 0) (0.16±0.11, 0.26) (0, 0.37) (0.81±0.01, 0.48)

Acc.- Migration Window(%) 72.55 67.20 41±25.34 22.08 33.28±9.2 71.93±1.4
F1 scores - Migration Window (0.82, 0.44) (0.76, 0.49) (0.4±0.35, 0.31±0.1) (0, 0.33) (0.31±0.16, 0.34±0.02) (0.8±0.01, 0.54±0.01)

Table 6.15: Performance comparison (Mac). Baseline models when used with other data imbalance
techniques. Confidence intervals are omitted when less than 0.01.
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Figure 6.3: Duration of Stopover. Left to Right: Forecast horizon of 1, 6, 18 and 24 hours respectively.
The y axis represents the mean proportion of the stopover duration on the x-axis that has been estimated
correctly up until the first decision to move is predicted relative to the ground truth with zero being the
lowest and 1 the highest. The spikes in the spring migration is related to the frequency of occurrence of the
stop-over duration beyond 10 hours as the birds rarely stop for a long time during spring migration.

Figure 6.4: Distribution of the stop-over duration of the Turkey vulture across the test data.
It can be seen that the frequency is higher during fall migration compared to spring. This is a common
phenomena observed with other birds as well, and the reasons for this is currently an active area of research.
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Figure 6.5: Typical stopover site for Turkey vultures and White Fronted Geese. Mixture of
coniferous forest (forest with cone shaped trees) and water bodies as seen via google map. The White Fronted
Geese stop at sites predominantly with access to water.

the average when used with the pseudo labels but the F1 scores for the minority class improved most

especially for the deep learning sequence models. This demonstrates to some extent the generalisation

of the proposed approach to other deep sequence architectures.

• A5: Results in Tables 6.13, 6.14 and 6.15 show that conventional techniques for handling class imbalance

hurt the performance with respect to accuracy but enhanced the performance of the F1 scores for the

underrepresented class at the expense of the other class for the classical models while the proposed

approach was able to improve the classification of the minority class without hurting the majority.

Overall, the results suggest these methods for handling class imbalance may be inappropriate for the

kind of sequential data considered in this chapter.

• A6: Results in Figure 6.3. show the duration of stopover can be estimated with high accuracy which

appears to decrease as the forecast horizon increases and on the average higher for fall migration

stopovers. In addition, the accuracy is higher for the fall migration on the average because fall migration

is generally longer than spring migration (see Figure 6.4) meaning more training data and more

confidence in the estimation for fall relative to spring stop-overs.

• A7: Results show this bird stop-over at places with access to water (see Figure 6.6). While it is

surprising this bird never stopped over in stereotype sites with access to carrion, Turkey vultures are

known to feed on insects and washed up fish [247] and this could be a strategy to have access to both

food and water simultaneously with little effort or the priority could just be on water only as some

birds eat enough to sustain them before embarking on migration.

• A8: One particular feature common to these stop-over sites is the presence of water (see Figure 6.7).

This makes sense given the affinity of this avian species to water and its surrounding areas when
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Figure 6.6: Turkey vulture stop-over habitats. The bird can be seen to stop over at sites with access to
water bodies and resources. Each bar represents a unique stop-over period and location in the dataset where
all the groups/components in each bar sum up to 100%. Only habitats with probability/composition greater
than 10% are shown for brevity.
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Figure 6.7: Mapping of habitat (White Fronted Geese). Each bar chart represents a unique stop-over
period and location of the White Fronted Geese where all the groups/components in each bar sum up to
100% (Only habitats with probability/composition greater than 10% are shown for brevity).

126



breeding. The presence of auxiliary information about the surrounding habitat can however be helpful

in what type of water body is used here. In this case, since the water bodies were mapped with

coniferous and mixed forests, it is of the opinion they are not seas and oceans but smaller water bodies

such as lakes and ponds as they both possess such characteristics whereas the water bodies without

forest are in most cases very large rivers or seas/oceans/littoral. The risks with respect to the spread

of diseases however are via droppings and interactions at water bodies in urban areas or areas with

high population density most especially when such water bodies are used for domestic and recreational

activities9.

6.7 Limitations & Conclusion

The conflict between humans and animals in the usage of natural habitats and resources is on the increase

with its associated health threats due to human developmental activities such as agriculture, mining, pollution

via industrialization among others . In this chapter, I have proposed a bidirectional recurrent neural network

with pseudo loss objectives to aid the prediction of mobility decisions of migratory birds. I also mapped out

the preferred stop-over habitats using a pre-trained convolutional neural network with results showing the

two species of birds considered in this work prefer stop-over sites with adequate access to water. Crucially,

this work offers a new perspective to the problem of stop-over prediction in migrating birds by considering

data at a finer granularity as well as understanding why the stop-over sites were chosen for this purpose.

This work however is not without its limitations. First, I have ignored the prediction of movement velocities

here for simplicity due to the quality and quantity of data used10. This will be incorporated into the model in

the future as more fine-grained data collected over long period becomes available. To compensate for the lack

of velocity information, I have mapped out the preferred stop-over habitat using the land cover classification

paradigm. This classification model used for mapping the habitats is by no means perfect but good enough

to give a high level and general description of the land cover in the image patches without much ambiguity.

In addition, the forecast horizon is not practical enough (3 days to 1 week would suffix) and I aim to follow

up on that in future work11. I also aim to look at other wild avian species using other migratory paths such

as the Australasia, Central Asian and African-Eurasian flyways. Beyond global health concerns, this work

has implication towards worldwide conservation efforts. Overall, I conclude by emphasizing the continuous

9Water bodies around bird farms should also be considered here.
10In practice as it stands, the approach would assume the knowledge of the stop-over habitats most especially the ones at risk

of spreading diseases, with the forecasting task carried out with respect to these locations.
11In addition, just like in the previous chapter, the number of birds considered is small because of the size of the datasets.
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global surveillance of wild migratory birds represent some of the necessary steps we must take if we must

reduce some of our future global health risks.

In this chapter, I have demonstrated the second use of a supervised approach in this thesis towards

forecasting the stop-over decisions of migratory birds (Turkey vulture to be precise) and also show how

to predict discrete avian movement decisions. In the next chapter, I will discuss the first application of a

combination of supervised and unsupervised methods using classical and modern deep learning methods

towards understanding the decision making process of a sheep as well as predicting it. In addition, I will

show how to combine both discrete and continuous movement decision making models in this regard.
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Chapter 7

Learning to Herd

In this chapter, I address the fourth question raised in this thesis: can a hierarchical deep learning

predictive model of sheep movement behaviour perform better than some alternatives? Here, I show

the application of both supervised and unsupervised methods discussed in previous chapters in learning

movement patterns given multimodal datasets of sheep movement behaviour over long horizons. It is

hoped that by building models of real world movement behaviour of animals, their decision making process

can be better understood in addition to discovering new architectures in artificial intelligence scalable into

more real world problems.

7.1 Introduction & Motivation

Modern Artificial intelligence (AI) systems and algorithms have struggled on real world tasks, especially

complex cognition and reasoning tasks that evolve over very long horizons. Some of the challenges facing

today’s AI system’s include but not limited to, continual learning1, out of distribution problems; and

generalisation [248] as well as learning from small samples. The principles underlying natural intelligence

which involves the intelligence and cognition in living systems such as humans and animals holds key towards

solving some of the problems highlighted above. In essence, AI holds the key towards understanding natural

intelligence and, at the same time, understanding natural intelligence could inform the development of new

intelligent systems using AI. The benefit here is mutual.

1leveraging previous learning experiences to learn new tasks efficiently.
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Concurrently, humans and animals develop mental models and representations of their environment based

on the sensory spatio-temporal information they receive. Understanding the causal relationship between the

sensory inputs animal receive and motor actions, however, has been a major goal of most behavioural scientists,

psychologists, neuroscientists, ethologists and, recently artificial intelligence researchers [82]. Early work in

this field was restricted to studying the behaviour of animals in well controlled and restricted laboratory

environments where the natural behaviour is limited, with data analysis largely qualitative or based on human

observation. Recently, due to advances in technology, low cost miniaturized sensors have become increasingly

available for tracking natural organisms across several scales and, most importantly, in their natural habitats.

This has made possible the study of animal behaviour in challenging environments and circumstances.

Animals visualise, smell, move, plan and coordinate differently to humans and the underpinning principles

for this natural intelligence/abilities are worth investigating using a data driven approach. An understanding

of these abilities is of potential importance in building systems and artificial agents with similar characteristics

in the near future. Of particular interest among the behaviours exhibited and displayed by animals is the

movement and coordination of sheep in a flock. Sheep are social animals with interesting movement and

coordination characteristics that make them suitable for modelling decision making in intelligent animals.

While the popular perception is that these creatures are not very intelligent, recent studies have shown that

the true picture is more nuanced, and that they have excellent memory and recognition abilities [249]. In

addition, sheep have been shown to have excellent problem solving capabilities and can recognise emotional

states solely via facial characteristics [250], hence their choice for this task.

As mentioned earlier, the multimodal nature of behavioural data, however, means classical machine learning

models are unable to model properly the different modalities of behaviour as these data violate the i.i.d.2

assumption necessary for such models to perform optimally, thus creating out of distribution problems [248].

However, recent advances in deep learning have made it possible to build models that can represent more

complex stochastic distributions and so can reproduce better the behaviour of intelligent animals. But, these

methods still have their limitations, for instance defining the reward function in any real world task is not

a trivial thing to do let alone for natural systems if a reinforcement learning approach is to be used. In

addition, other methods leveraging deep learning or other classical methods have ignored the relationships

between several modes of behaviour3. Scaling some of these methods up using ideas grounded in cognitive

neuroscience represents a promising direction and is the main focus of this work. Cognition in relation to

2independent and identically distributed.
3loosely referred to here as causality
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memory vis-a-vis the storage, organization and retrieval of information is key towards producing advanced

intelligent behaviour, and designing architectures using cognitive principles in the context of modern deep

learning systems is essential towards achieving this.

Recent works (see chapter two for more detailed review) in the area of modelling and understanding the

structure of animal behaviour have already shown that animal (mouse) behaviour is made up of modules that

do not exist in isolation [78] but are selected by switching the transition dynamics around these modules. The

concept of modularity has also been used to model the visual intelligence of dog as it affects movement [84]

as well as the movement behaviour of fruit flies [82] leveraging recent advances in neural networks. I build

on the findings in these body of work in this thesis by showing how these modules can be used to generate

highly complex movement behaviour in more natural environment. While simple mathematical models might

suffix to model the behaviour of animals, I consider the most neuroethological(ly) plausible approach to

gain a better understanding on the structure of animal movement behaviour and how information might be

processed to generate these behaviours.

More specifically in this thesis, I use movement data from a flock of 36 sheep gathered with the aid of GPS

devices over several days in the open. Using this data, I ask, can I build better predictive model of sheep

movement abilities in a herd compared to some alternatives? To this end, first I propose a novel hierarchical

architecture using recurrent neural networks for this task to process, categorize sensory inputs and map these

inputs to corresponding behavioural modes. Second, I leverage recent advances in deep generative neural

networks to model these sheep movement behaviour modes in a herd. More specifically, I use several recurrent

neural networks and mixture density networks with specialized tasks to approximate the behaviour of a

sheep where the recurrent networks help to guide the received sensory inputs to the relevant hierarchically

factorized behavioural movement mode4. I show the generality of the proposed approach on several other

datasets of the same flock collected across different locations at different times and empirically compare it to

a variety of baselines. Results show that the proposed approach outperform competing baselines most of the

time on a variety of evaluation metrics.

The remainder of this chapter is organized as follows. Next, I describe the overall architecture. The datasets

as well as the associated preprocessing are described and this is followed by the experiments and results

sections in that order. As usual, I conclude this chapter by highlighting the limitations of the methods used.

4Modes and modules will be used interchangeably from here.
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7.2 Methods

7.2.1 Architecture

I describe the whole architecture in this section, a summary of which can be found in Figure 7.1 and is a

combination of deep neural networks at different levels of hierarchy. This architecture has been inspired by

previous works [82, 84] in this area where movement behaviour have been clustered using a flat approach

without structures as to the relationship between clusters. Instead, this architecture uses a hierarchical

clustering with recurrent networks designed to model the relationship between clusters. There is also some

resemblance between this architecture and the behaviour tree [251] in that apart from their both modular

structure, the internal nodes act as control flow nodes with the leaf nodes acting as execution nodes.

First, the architecture starts with a network that decides the collective behaviour of the flock as either

largely stationary or largely mobile. If stationary, no further action is taken otherwise, the sensory inputs

are sent to another level of decision making where the agent has to decide whether to move or not. If the

agent decides not to move, no further decision is taken but if it decides to move, the agent’s state is mapped

to actions representative of several modalities of movement behaviour via several binary decision making

networks stacked hierarchically. All the binary decision making processes were modelled using a RNN (LSTM)

to add context and the velocities to be taken modelled using a MDN where a feed forward network is used

to parameterise a mixture of Gaussians of the velocities given the state. I expand on some segments of the

architecture below.

In the next few subsections, I will discuss some of the key components of this architecture.

7.2.1.1 Annotations

With the aid of a viewer, each time point in the trajectories of the flock were classified into two on the

basis of the collective behaviour of the flock. Subjectively, it appears that the herd have two main collective

behaviours. One, when the whole flock is largely stationary with little or no movement activity and a second

when they have a variety of activities spread across the field. By separating the collective behaviour into

two modes, the problem of modelling the movement pattern of any sheep of interest when the whole flock is

largely stationary is eliminated. Each collective behaviour was assigned different labels such that a supervised

model can be trained to distinguish between the two classes of herd behaviour. This was used as a prior and

the performance of the model with and without this prior was investigated in the results section.
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7.2.1.2 Activity recognition

I expatiate on what I have discussed earlier on this subject. The goal here is to recognize the overall

behaviour of the flock. From observations, I was able to recognize there are almost two distinct collective

activities exhibited by the sheep in the training dataset and I approximated the collective behaviour along

these lines. These activities were classified into when the whole herd is still with little or no movement

activities within the herd and everything else apart from this to be in another class. The state/input here is

the difference between the centroid of the herd relative to the positions of each sheep. I labelled the sequence

of movement in the training dataset to classify the collective group activity and learn the corresponding label

in the test dataset in a supervised manner using a cross entropy loss.

Figure 7.2: Collective movement of the flock seen with the aid of a viewer: Left: Sheep still with
little or no movement and Right: Sheep scattered across the field with varying activities.

7.2.1.3 To move or not?

Due to the sedentary nature of sheep, it can be observed, more often than not, that when the sheep have

diverse activities including feeding and moving across the field, the animals are largely stationary. Therefore,

the next decision making process after deciding the state of the collective behaviour is to predict first whether

an animal is going to move or not. The labels were derived from the velocities such that, if the change in x

and y coordinates between two contiguous time steps were both zero, a label of zero was given to this state

and one if otherwise. A recurrent neural network was trained in a supervised learning framework to map

states to discrete labels. The trained supervised model for this task was further calibrated as with all model
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for real world tasks. The state information5 used here and for all subsequent tasks include:

(1) Distance from the sheep of interest to N - nearest sheep.

distance =
√

(Yi − Yj=1...N )2 + (Xi −Xj=1...N )2 (7.1)

(2) The angles between the sheep of interest and N - nearest sheep.

atan2(Yi − Yj=1...N , Xi −Xj=1...N )

(3) Velocities of N nearest sheep to the sheep of interest with respect to the change in x and y coordinates.

∆Xj=1...N ,∆Yj=1...N (7.2)

These state information were concatenated together and fed as input to all models used in this architecture

apart from the GMM used for clustering. No information regarding environmental variables such as weather

and atmospheric conditions were factored into the state information. I also didn’t factor information about

the visibility of other sheep in the state information.

7.2.1.4 To move with what velocity?

If the modelled artificial sheep decides to move, the question is with what velocity? The velocity when

moving was modelled using a mixture density network where the state of the animal was used as input to a

feed forward network to parameterise a Gaussian mixture of the velocities belonging to each decomposed

movement module using a probabilistic framework. Here, the final decomposed behavioural/movement

modules were obtained by decomposing the overall movement behaviour (velocities) of the flock hierarchically

following tree patterns (see Figure 7.3). The state here is as described above while the actions are velocities

derived by first sampling from a categorical distribution to determine which Gaussian component to use and

the continuous value sampled from the corresponding Gaussian component.

5The state/sensory information has been designed to account for spatio-temporal changes in the environment of the sheep
mostly as it affects the behaviour of other animals that are closest to the one of interest.
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7.2.2 Overall Training Objectives

There are four key components of the proposed model overall, each with its own training objective(s). First

there are three supervised learning models defined by a recurrent neural network, one for determining the

collective behaviour, the second for making the binary decision to either move or not, and the third, an array

of memory models arranged hierarchically, making a 2-way decision to determine what movement module to

use to select the velocity given the decision to move. The last key component is the mixture density network

which outputs the velocity and is trained by minimizing the negative log likelihood of the GMM likelihood

function.

Lmdn =

Z∑
z=1

− log

[ K∑
i=1

Πi(x)N (µi(x), σ2
i (x))

]
z

(7.3)

Where Z represents the total number of movement behaviour modules used and the parameters are as

previously described.

Given the cross entropy losses for selecting the collective behaviour (Lcb), the binary mobility decision

(Lmb) and the movement module to activate for velocity (Lc) are given respectively by,

Lcb =

N∑
n=1

L(y, f(Xn; θ1)) (7.4)

Lmb =

N∑
n=1

L(y, f(Xn; θ2)) (7.5)

Lc =

M∑
m=1

N∑
n=1

L(y, f(Xn; θ3m)) (7.6)

Where M represents the total number of recurrent supervised models for selecting the movement module

to activate and N the size of the data while Xn represents the input to the model, y the output/labels of

the network while θ1, θ2 and θ3 are parameters of the recurrent neural networks. The total training and loss

objectives (Ltot) if the whole network is trained end to end is therefore a sum of the loss functions described

above:

(7.7)Ltot = Lcb + Lmb + Lc + Lmdn
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Figure 7.3: Behavioural modules. Movement modules across the first three layers of the hierarchical
decomposition of the velocities of all sheep in the flock. It can be seen that the movement behaviour has been
disentangled into modules corresponding to different behaviours of the sheep which, by extension, correspond
to movement in different directions. These modules were further decomposed across three more hierarchical
layers and the end module modelled with a mixture density network while each module was connected to its
parent module using a recurrent neural network trained with the labels of the cluster at each level and the
associated state values.
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7.2.3 Training & Model details

As discussed earlier, a hierarchical decomposition of the movement behaviour was used in which I fit a two

component (two cluster) Gaussian mixture model with full covariance type at each level of the hierarchy6.

Overall, eight levels were used including six levels for the section of the architecture that outputs velocities,

but the choice of the levels of the hierarchy is an open question and should be largely dependent on the size

of the data and the number of Gaussian components that can be fitted to the data at any level of hierarchy.

The decision to fit two components at several levels of hierarchy was borne out of the need to use a tree

prior and, by extension, minimize the effect of misclassification as much as possible when deciding which of

the movement modules to activate as the sensory inputs/stimuli move down the hierarchy. Making a choice

between two things is relatively easy compared to choosing between many things. However, after conducting

a number of initial experiments, I realized one of the modules at the third level of hierarchy downwards

consisted of movement patterns where both right and left movement patterns were not disentangled properly

but encoded together. Therefore, I used a four component Gaussian mixture model at the third level and

continued with two afterwards. At the last layer of the hierarchy, I fit the most parsimonious number of

Gaussian components by minimizing the Akaike information criterion (AIC). A discrete recurrent network was

placed at each level of the hierarchy7 except the final one to make a binary decision given state information.

That is, during training and by extension during testing, these recurrent neural networks do the clustering

work rather than the clustering algorithm so that when a sensory input is received, it can be processed,

classified and propagated down the hierarchy.

Next, for the final layer of the hierarchy (the section that outputs velocities), I extracted for each sheep in

the dataset the corresponding time where the action was taken and aggregated all the actions together. I

further extracted the states at these points for each sheep where the states are as described above. I trained

the different modules of behaviour by mapping the states to actions using the mixture density network

characterised by a feed forward deep network with three layers, relu activation at each layer, drop-out =

0.2 at the final layer, learning rate = 1e-3 and an Adam optimizer [230]. These networks were trained until

convergence.

All other networks were trained independently using a 90 : 10 train to test ratio split using a recurrent

neural network with a cross entropy loss and the weights corresponding to the epoch with the highest test

6Movement behaviour was considered from a collective perspective here where the velocities of all sheep in the flock were
aggregated together.

7This network was trained using the cluster labels at each level and the associated states
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accuracy selected. All parameters and architectures were selected via a few trial experiments but were majorly

consistent across all networks with similar tasks. Further details about parameters and architectures can be

found in Table 7.1. For the network making the decision to move or not, I trained and tested this network

using data from five sheep drawn randomly from the flock. The parameters for the best performing (using

accuracy as metric) sheep was then calibrated on the test data using only the three nearest neighbour state

information.

Segment Description
Collective behaviour recognition LSTM, Optimization: Adam [230] (learning rate =

0.001), Batch size = 10, epochs = 100, activations
= tanh, softmax, depth = 1 , time-step = 60secs.

Decision to move or not LSTM, Optimization : Adam [230] (learning rate =
0.001), Batch size = 100, epochs = 100, activations
= tanh, softmax, depth = 1, time-step = 5 secs.

Discrete hierarchical network LSTM, Optimization: Adam [230] (learning rate =
0.001), Batch size = 10, Iterations = 200,
activations = tanh, softmax, depth = 1, time-step
= 5 secs.

Mixture Density Network Feed forward network, Optimization: Adam [230]
(learning rate = 0.001), Batch size = 1, Iterations
= trained until convergence, activation = relu,
layers = 3, 256 neurons in each layer.

%hline

Table 7.1: Details of configurations and parameters of architecture.

To prevent the inefficiency of neural networks for practical and complex tasks [252], I refrained from

training the whole network end to end. Instead, each neural network was trained apiece and stacked in a

hierarchical structure akin to training one network at a time in a complex network/settings while freezing the

rest. In other words, I used a series of if/else statements [253] for connecting adjacent networks together.

7.3 Materials & Data Processing

7.3.1 Animals & Data

Data for this experiment were collected for 11 days between 21/03/2016 and 08/04/2016. GPS data were

collected using bespoke GPS loggers, details of which can be found in [200]. These were attached to the

back of the sheep as shown in (see Figure 7.4). The GPS data were sampled at a rate of 1 sample/s with an

estimated average positional accuracy of ±10cm8 to ensure all forms of interesting movement patterns by

8Standard deviation of the actual position.
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the sheep were captured. The datasets were all roughly 24 hours in length. Each dataset contains a phase

in which loggers were attached to each sheep in a holding pen followed by a phase in which the sheep were

herded into the field and then a phase in which the sheep were left to roam across the field and a final phase

in which the sheep were herded back to the holding pen to have the logging device removed and re-charged.

All computations were largely based on the data obtained when the sheep were left to wander in the field

on their own as this represents the period in which their natural behaviour was most likely to be observed.

The flock used for this study consists of 36 sheep that were moved around four locations across 11 days with

an average period of 3 days in each location. As at the time of carrying out these experiments, no notable

disorders have been found in these sheep9.

7.3.2 Data Processing

Raw GPS data were combined with data from a local fixed base-station and processed using the open-source

RTKLib and Geographic Library to obtain Cartesian co-ordinates with respect to a local projection. All

missing data were interpolated between the last and next seen co-ordinates using a Kalman smoother whose

parameters were tuned using Expectation Maximization algorithm. I removed the location data for one sheep

in the training set as it has lots of missing data. For the experiments, I extracted the portion of the data

where the animals were on the field until at least one of the GPS loggers attached to the sheep failed due

to battery exhaustion to reduce the uncertainty inherent in estimating missing data to the extent possible.

Overall, four days worth of data were extracted for training and testing, details of which can be found below.

7.3.2.1 Training Dataset

The training dataset was collected on 01/04/2016 and after processing contains about 16 hours of behavioural

data. Approximately, the dimension of the field where the training data was collected is 142 x 136m.

7.3.2.2 Test Datasets

The proposed approach was evaluated on three datasets of the same flock collected on either different days

or different location/field with respect to the training data or both.

Test Dataset 1: The dataset was collected on 21/03/2016 from an experiment conducted in a different

location with respect to the training dataset with the size of the field used being approximately 73 x 66m.

After preprocessing, the dataset consists of 16 hours of behavioural data.

9The flock is a mixture of normal and transgenic sheep.
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Test Dataset 2: This dataset was collected from the same location as the training dataset on 04/04/2016

and after preprocessing consists of about 18 hours of behavioural data.

Test Dataset 3: The dataset was collected on 05/04/2016 from an experiment conducted in a different

location with respect to the training dataset as well as test datasets 1 and 2. Approximately, the dimension

of the field used for the experiment was 228 x 137m and after preprocessing, the dataset consists of about 19

hours of behavioural data.

Figure 7.4: Sheep with GPS loggers attached to their back.

I assumed all sheep in the training and test datasets were homogeneous to create more training data and

diversity of samples for the sensory inputs with respect to the neural networks most especially for those

that determine what module to select for velocity10. Therefore, the relationship between the inputs and

outputs have been considered from a collective behaviour perspective. Each sheep had 57610 data points.

After removing all instances where the collective behaviour was largely stationary and each sheep was not

moving, there were about 491454 data points left for all sheep in the flock. More than two thirds of these

data-points were approximated as zero after the first clustering as they were essentially noise. All actions for

the sheep in the training dataset were extracted and aggregated into a two column vector representing the

changes in x and y co-ordinates between contiguous points for further downstream tasks such as clustering.

10Data augmentation.
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7.4 Experiments & Procedures

7.4.1 Baselines

I compared the proposed approach with three competitive baselines, details of which can be found below.

Other baselines such as the Variational Recurrent Neural Network [254] and its conditional variant [255] were

considered initially, but results show they are not competitive for complex tasks such as considered here.

7.4.1.1 Null Movement

I used a baseline with no movement to see how the model compares in this regard considering sheep are

animals that are less mobile.

7.4.1.2 Recurrent Neural Network (LSTM)

The recurrent neural network with a many to one architecture and a mean square error training objectives

was used to predict the velocities in a multitask fashion (see Figure 7.5). I used a 2-layer LSTM network

each with 60 memory cells and a many to one architecture designed to multitask where the output of the

LSTM layers was fed to two other layers with dropout (0.2) to predict the x and y speeds.

Sequential input

Stacked RNN

X - component of velocity

Y - component of velocity

Figure 7.5: RNN-LSTM. Configured to multitask the prediction of the components of the velocities.

7.4.1.3 Boids

Even though some of the objectives of this work is to try and generate new hypotheses about the neural

and cognitive basis of behaviour, I still compared it with a flocking model like boids. Boids [256] is an
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artificial life program proposed to simulate the flocking behaviour of birds and is useful for studying emergent

properties. It has three rules described below.

• Alignment: Move towards the average heading of local flock mates Vali.

• Cohesion: Move towards the average position (centroid) of local flock mates Vcoh.

• Separation: Steer clear to avoid overcrowding local flock mates. Here I used a radius threshold of ≤1m

to decide when to steer clear Vsep.

While there are different versions of the boids model, I used the classical model because of its simplicity

and ease of comparison11. The overall equation for an agent to update its velocity is thus defined as:

Vt = β1Vali + β2Vcoh + β3Vsep (7.8)

The weights in the equation were learnt by optimization with respect to the target variables.

7.4.2 Evaluation

I used both a quantitative and qualitative evaluation approach to investigate the performance of the model

proposed with respect to the baselines.

7.4.2.1 Quantitative evaluation (metrics)

To evaluate all methods quantitatively, I used three metrics described below.

• Metric 1: N - Step average displacement error. [257, 258] Measures the difference between the

positions predicted by the models at each time step relative to the ground truth over N steps. Lower is

better here. N steps of 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048, 409612 were considered where one

step is equivalent to a second.

1

M

1

T

M∑
m=1

T∑
t=1

||ymodelmt
− yground−truthmt

||22 (7.9)

The equation for this metric is described above, where M is the number of sheep in the flock and T the

11Some versions of boids tried, produced inconsistent behaviour across different nearest neighbours over different prediction
horizons.

12These numbers were chosen to investigate performance over long horizons given the limit of the compute resources used.
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temporal interval in consideration and is reset at N, 2N, 3N..... steps13 in that order and ymodel as well

as yground−truth the x and y coordinates of the baseline models and the ground truth respectively.

• Metric 2: N - Step final displacement error. [258] Measures the difference between the final

position after N steps and the corresponding ground truth. As with the previous metric, the lower the

displacement error, the better.

• Metric 3: N - Step average displacement divergence in distribution of velocity. Here, I

used the Jensen Shannon (JSD) divergence to find the distance between the output of the models and

the ground truth using the distance covered as input. However, the probability density function, was

estimated across the entire gamut of the data14 so as to have access to a lot of data and by extension

obtain a better probability density estimate. It is the case that, the lower the JSD, the better the

model.

JSD(P ||Q) =
1

2
D(P ||M) +

1

2
D(Q||M) (7.10)

Where P and Q are the respective probability density functions15 of the two variables of interest and

M is given by:

M =
1

2
(P +Q) (7.11)

And the Kullback Leibler divergence D(P ||Q) is given by,

D(P ||Q) =

∫ +∞

−∞
P (x) log

P (x)

Q(x)
dx. (7.12)

To test for significance where necessary, I used the Mann Whitney U test16 with significance threshold

of p≤0.05.

13Reset because of compute resources constraint.
14By accumulating the distance covered over each N steps.
15The probability density functions were estimated using a top-hat kernel density estimator.
16A non-parametric approach used because the distribution of the errors is not Gaussian.
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7.4.2.2 Qualitative evaluation

In addition, I also used a qualitative evaluation by inspecting and visualizing the trajectories obtained

from the proposed approach in addition to some of the ablations.

7.4.3 Experiments

As usual, I designed several experiments to answer questions relating to the performance of the proposed

approach with respect to the baselines as well as shed some light towards understanding some mechanisms

underlying sheep movement.

7.4.3.1 Quantitative, Q1

How does varying the number of nearest neighbours state information influence movement activities?

To answer this question, I computed the mutual information between nearest neighbour state variables in

increasing order and velocity of the sheep of interest with respect to all animals in the flock and averaged the

results.

7.4.3.2 Quantitative, Q2

How do the depth of the network/model as well as priors and assumptions used impact the performance of

the model? To investigate this, I carried out several ablation studies, details of which can be found below.

7.4.3.3 Quantitative, Q3

How does the performance of proposed model compare to that of the baselines? To investigate this, I

compared the best performing model from the ablation experiments in Q2 above with several baselines

described above.

7.4.3.4 Qualitative, Q4

Are all hierarchies created equal? To investigate this, I used a qualitative evaluation to compare the

performance of proposed approach and a naive implementation of this approach with an exact tree prior.
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7.4.4 Ablation Studies

To investigate the performance of several priors and assumptions used for the proposed approach, I carried

out several ablation experiments investigating three key features.

• Model 1: The layer predicting collective behaviour was removed and the network making the decision

to move or not trained using the initial data used for this network and the data corresponding to that

used for collective behaviour recognition.

N
ull decision to m

ove 

Approxim
ate low

 velocities

 as zero 

 Decides whether to move or not.
Sensory input

Figure 7.6: Ablation study 1. Architecture used for ablation study 1.

• Model 2: The depth of the network corresponding to the segment that output velocities was reduced

from 6 to 3 to assess the effect of depth on the performance of the architecture.

N
ull collective activity 

N
ull decision to m

ove 

Approxim
ate low

 velocities

 as zero 

 Decides collective activity.
 Decides whether to move or not.

Sensory input

Figure 7.7: Ablation study 2. Architecture used for ablation study 2.
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• Model 3: All the top control layers predicting both collective behaviour and the decision to move or not

were removed to assess the impact of these layers on the performance of the architecture.

Approxim
ate low

 velocities

 as zero 

Sensory input

Figure 7.8: Ablation study 3. Architecture used for ablation study 3.

7.5 Results & Discussion

I discuss first the quantitative results in the order listed in the experiments section above followed by the

qualitative results.

7.5.1 Quantitative Results

7.5.1.1 A1

The results of the experiments discussed in Q1 above were plotted with results in Figure 7.9 showing

that the mutual information peaks at two nearest neighbours and monotonically decreases afterwards. This

suggests that movement decisions are more local than global and that the movement of a minimum of two

nearby sheep may be required before a sheep can decide to move.

7.5.1.2 A2 - Ablation Results

• First, the collective behaviour prior can be seen to be an important layer in the organization of behaviour.

The plots in Figures 7.11 and 7.12 show that the inclusion of this prior gives results for metrics 1 & 2

that are significantly better than for the case in which it was omitted. The third metric has not been
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Figure 7.9: Average mutual information between the features used and the velocities across all
sheep in the flock. It can be seen that the average mutual information rises and peaks at two to three
nearest neighbours then falls monotonically afterwards.

considered in this section as the first two metrics are enough to evaluate performance. Qualitative

evaluation in Figure 7.10 also show the trajectory with the collective behaviour prior is slightly better

than without it suggesting this prior gives a better control of movement than without it.

• Second, the depth of the hierarchy used is important. The deeper the hierarchy, the more accurate

the output of the model according to the evaluation metrics 1 and 2 (see Figures 7.13 and 7.14). This

makes sense as fine grained behaviour is better represented using a deeper hierarchy compared to a

shallow one. Qualitative evaluation in Figure 7.10 also show the trajectory with the reduced depth of

hierarchy produces a trajectory of lower quality compared to when the depth has not been reduced.

This is because of lack of fine-grained velocity information which can easily get the artificial agent into

states that have not being seen during training.

• Lastly, Figures 7.15 and 7.16 show that all the top control layers are not necessarily important every-time

and can be redundant sometimes simply because the low velocities movement behaviour has already

been approximated as zero. Therefore, this serves as a form of control when the top layers17 are

removed. Qualitative evaluation in Figure 7.10 also show the trajectory is better in quality using a

simpler hierarchical framework.

To this end, I therefore used this variant of the proposed architecture while comparing

17Which may incur extra limitations with attendant downstream consequences on the output of the model.

148



with other baselines.

(a) (b) (c)

(d) (e) (f)

Figure 7.10: Trajectories of ablations using three nearest neighbours state information over a
certain period. (a) Ground-truth trajectories of the flock. (b) Ground-truth trajectory of the sheep being
modelled. (c) Output of the model with all the priors included. (d) Output of ablation - Model -1 (No
collective behaviour recognition). (e) Output of ablation - Model -2 (Reduced depth of the hierarchy). (f)
Output of ablation - Model -3 (Without top layer control).

7.5.1.3 A3 - Performance Comparison

• First, I compared the best performing model from A2 above with the null movement baseline. Results

in Figures (7.17 and 7.18) show the proposed approach outperforms this baseline almost all of the time

with performance decreasing as the number of nearest neighbours increases.

• Second, I compared the best performing model from A2 above with the recurrent neural network

baseline. Results in Figures (7.19 and 7.20) show that the proposed approach perform better than a

basic recurrent neural network almost all of the time. Similar to the no movement baseline above, the

RNN outputs almost zero velocity most of the time. I hypothesize that this is due to its inability to

handle more complex distributions as obtained in the data used here thus, the model’s weights were

adjusted such that they work for only instances where the animal doesn’t move as this is the case most
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of the time for sheep. In addition, the result also implies the priors/biases induced in the proposed

model leveraging concepts of modularity and compositionality which can be weak in regular recurrent

networks may be useful for modelling highly complex sheep movement behaviour.

• Third, I compared the best performing model from A2 above with boids. Results in Figures (7.21

and 7.22) show that the proposed approach outperform boids model at all nearest neighbours over

short horizons but start to weaken over longer horizons. The boids model however appears like the

most competitive among the baselines used with respect to the two metrics for evaluation.

• Finally, the results from the measure of divergence in the distribution between the output of the models

and the ground truth show that most of the time, the proposed approach outperform all baselines

across all nearest neighbours and prediction/simulation horizon over all experiments (Figure 7.23). This

suggests that the movement of the simulated sheep using the proposed approach is more reflective of

that of the real sheep relative to the distance covered at any point in time.
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Figure 7.11: Ablation - Model -1 (No collective behaviour recognition) - Metric-1. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the collective behaviour
recognition is important for downstream tasks. The markers are temporal intervals where the difference is
significant using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.12: Ablation - Model -1 (No collective behaviour recognition) - Metric-2. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the result degrades when
collective behaviour is not used. The marker points are temporal intervals where the difference is significant
using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.13: Ablation - Model -2 (Reduced depth of the hierarchy) - Metric-1. Left: Test dataset
1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that deep networks produce better results
than a shallow one. The marker points are temporal intervals where the difference is significant using a Mann
Whitney U test. See Appendix C for more results.
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Figure 7.14: Ablation - Model - 2 (Reduced depth of the hierarchy) - Metric-2. Left: Test dataset
1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the deeper the network the better the
results. The marker points are temporal intervals where the difference is significant using a Mann Whitney U
test. See Appendix C for more results.
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Figure 7.15: Ablation - Model - 3 (Without top layer control) - Metric-1. Left: Test dataset 1,
Centre: Test dataset 2, Right: Test dataset 3. The proposed approach can be seen to perform better than this
model sometimes and some other times the ablation model performs better. The marker points are temporal
intervals where the difference is significant using a Mann Whitney U test. See Appendix C for more results.

155



Figure 7.16: Ablation - Model - 3 (Without top layer control) - Metric-2. Left: Test dataset 1,
Centre: Test dataset 2, Right: Test dataset 3. The proposed approach can be seen to perform better than this
model sometimes and some other times the ablation model performs better. The marker points are temporal
intervals where the difference is significant using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.17: Performance comparison with respect to baseline 1 - no movement using metric-1.
Left: Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to
outperform this baseline across different nearest neighbours and prediction-horizons. The marker points are
temporal intervals where the difference is significant using a Mann Whitney U test. See Appendix C for more
results.
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Figure 7.18: Performance comparison with respect to baseline 1- no movement using metric-2.
Left: Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. As in metric-1, the proposed approach
can be seen to outperform this baseline most of the time across all experiments. The marker points are
temporal intervals where the difference is significant using a Mann Whitney U test. See Appendix C for more
results.
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Figure 7.19: Performance comparison with respect to baseline 2 - RNN using metric-1. Left:
Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to outperform
the RNN baseline almost across all experiments with respect to all nearest neighbours and prediction horizons.
The marker points are temporal intervals where the difference is significant using a Mann Whitney U test.
See Appendix C for more results.
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Figure 7.20: Performance comparison with respect to baseline 2 - RNN using metric-2. Left: Test
dataset 1, Centre: Test dataset, 2 Right: Test dataset 3. Proposed approach can be seen to outperform the
RNN most of the time across all experiments. The marker points are temporal intervals where the difference
is significant using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.21: Performance comparison with respect to baseline 3 - boids using metric-1. Left:
Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to outperform
boids most times when the number of nearest neighbours is small with performance decreasing as the number
of nearest neighbours increases. The marker points are temporal intervals where the difference is significant
using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.22: Performance comparison with respect to baseline 3 - boids using metric-2. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to outperform boids
most of the time across all experiments with performance decreasing with increase in simulation/prediction
horizon as well as nearest neighbours. The marker points are temporal intervals where the difference is
significant using a Mann Whitney U test. See Appendix C for more results.
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Figure 7.23: Performance comparison with respect to all baselines using metric - 3. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the proposed approach
outperforms all baselines almost all the time across all the experiments. See Appendix C for more results.
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(a) (b)

(c) (d)

Figure 7.24: Qualitative evaluation. (a) Anomalous movement module (representation) encoding both
left and right movement decisions. (b) Movement trajectories of the whole flock (c) Movement trajectory
of the simulated agent using the proposed approach with correction for the anomalous representation. (d)
Movement trajectory of the simulated agent using a naive implementation of the proposed approach with
exact tree prior. It can be seen that the artificial agent can sometimes fail to distinguish between left and right
movement decisions as they are encoded together when a naive implementation of the proposed approach was
used, moving right or left sometimes when the module above was selected.

7.5.2 Qualitative Results

7.5.2.1 A4

Results in Figure 7.24 show that a naive implementation of the proposed architecture can yield movement

patterns that are not sheep like as modules corresponding to unrelated movement patterns can be disentangled

together leading to unusual behaviour sometimes. This is a problem, however, that might be solved with

more data/experience. But, in this case, this could be an issue that concerns the optimality of the hierarchy
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for representation.

I also evaluated the model by inspecting the trajectories of the simulations amidst the real flock. Details

can be found in 18, 19, 20, 21, 22 for a single agent simulation and, multiagent here23. The roll-outs24 were

generated by picking random points in the test dataset while learning the movement patterns from there

onwards where the red agent is the simulated version of the blue agent (when present). Observations reveal

the artificial sheep has learned to herd and also behave somewhat like a sheep by following and responding to

the real sheep around it. The trajectory for the non-naive implementation (Figure 7.24C) can also be seen to

have several curves implying that the artificial sheep has learned to change direction of movement where

necessary and not just follow a straight line.

Figure 7.25: Ground truth distribution of the pairwise distance in metre between all the sheep
in the flock for the test datasets.

7.6 Conclusion & Limitations

In this work, I have proposed a model leveraging modularity, compositionality and relational reasoning

principles to build a novel hierarchical deep learning model towards modelling sheep movement behaviour in a

flock. This was achieved by decomposing behaviour into modules hierarchically and using the interconnection

between these modules to predict the movement of sheep in a flock over long horizons with results performing

better than the baselines most of the time.

18https://www.youtube.com/watch?v=QUu3ejxDQt4
19https://www.youtube.com/watch?v=kYQ7HoXDb1M&t=99s
20https://www.youtube.com/watch?v=psfVQAfIr-U&t=3s
21https://www.youtube.com/watch?v=7F1gYQuqkTg
22https://www.youtube.com/watch?v=hbSr1gAhS_Q
23https://www.youtube.com/watch?v=0okpGFi61_M&t=116s
24The behaviour simulated exceed three hours and good behaviour of more than seven hours have been seen. The problem

with simulating very good behaviour over very long horizons has to do with lack of the right quality of state information such as
vision and the approximation of the low velocities as zero.
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From the experiments and ablations carried out, it can be observed that:

• Hierarchical priors may be important and most importantly, hierarchies of sequences and features may

be important for animal movement behaviour modelling.

• The deeper this hierarchy is, the better the behaviour representation and the output of the proposed

model.

• As a consequence of the above, multiple behaviour representations may exist at multiple scales of the

hierarchy both temporally and spatially.

• Discrete and continuous representations may be important for modelling complex sheep movement

behaviour.

• And most importantly, the meaningful organization and segmentation of behaviour may be important

for modelling sheep movement behaviour.

• Qualitative evaluation also reveals herd like behaviour in the artificial sheep.

Quantitatively, the magnitude of displacement error for the proposed architecture is, first a function of the

size of the environment in which the experiments were carried out. That is, the larger the size the bigger

the error as the animals have the freedom to explore their environment. Second, a function of the duration

of these experiments with respect to the test data implying that, the longer the duration the higher the

magnitude of displacement error. Third, is within the limit of what is expected to be the distance between

sheep in the flock on the average (Figure 7.25) suggesting the artificial sheep is able to herd even when not

behaving exactly like the ground truth sheep its being compared to. Lastly, a function of the number of

nearest neighbours, with the magnitude of displacement error increasing as the number of nearest neighbours

increases.

Qualitatively, while a particular number of nearest neighbours state information can be optimal for some

behaviour, it may not be so for others suggesting rich state input such as data collected from ego-centric

vision can yield better results. As a consequence of this, the nearest neighbours state information used here

means, the magnitude of the final displacement error is larger compared to the average displacement error

because there is a lag in the start of several movement decisions by the artificial sheep compared to the

ground-truth. In addition, the trajectory for the non-naive implementation (Figure 7.24C) can also be seen

to have several curves implying that the artificial sheep has learned to behave intelligently and not just follow

a shortcut straight line.
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This work however is not without its limitations. The quality of data used here in terms of the sensory

inputs and the associated motor output here can benefit from additional quality. Rich representations of the

sensory inputs such as what the animal can see using ego centric vision can alleviate this limitation most

especially for the deep learning models. Due to the number of networks used, the same network parameters

have been used for all networks performing similar tasks. Careful investigation of different parameters for

each network might yield superior results. Finally, while the approach used here does incur additional

computational costs compared to other models for example like boids, it can be advantageous where visual

sensory data corresponding to what the animal can see have been collected [84]25. In addition, it can also

be used outside of animal behaviour modelling for example in human behaviour modelling where richer

representations of the environment/sensory inputs are obtainable and not limited to just information about

conspecifics (this will be useful in several areas of behaviour data mining such as sport analytics, assisted

living, self driving vehicles among others where recent advances in neural networks can be leveraged towards

obtaining more utility from the relevant data of interest).

In this chapter, I have demonstrated the novel combination of both supervised and unsupervised methods

towards modelling and predicting sheep movement behaviour in a flock. In the next chapter, I will conclude

this thesis and highlight avenues for future work.

25In this scenario, boids or other simple mathematical models cannot be used.
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Chapter 8

Conclusion & Future work

8.1 Conclusion

In this thesis, several computational models of animal movement behaviour have been proposed towards

addressing a wide range of problems in animal movement phenomena ranging from migration, welfare,

leadership and association, understanding neural mechanisms underlying behaviour among others. More

specifically:

• In chapter three, I reviewed and investigated the application of various information theoretic metrics

towards understanding and finding patterns in animal movement behaviour.

• In chapter four, several statistical and machine learning models of abnormal behaviour in sheep with

Batten disease have been proposed and compared. Extensive experiments show these models can be

used to diagnose the occurrence of phenotypes associated with abnormal movements in this sheep.

• In chapter five, a deep recurrent neural network leveraging auxiliary task have been proposed towards

forecasting several migration patterns in Turkey vulture. Results on a variety of experiments show the

performance of the proposed approach is superior to a variety of baselines.

• In chapter six, I proposed a model to forecast stopover decisions of migratory birds where a pseudo loss

objective was proposed with promising results.

• In chapter seven, model of sheep movement behaviour in a flock incorporating reasoning modules have

been proposed towards predicting and understanding the structure of movement behaviour in a flock
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of sheep. Results show that the proposed approach outperformed several baselines most times on a

variety of metrics.

The models proposed here have implications in several areas such as cognitive neuroscience, global health,

conservation and sustainable development just to mention a few. And, it is hoped that the findings and the

models proposed will be useful to researchers and policy makers in these fields.

There are several limitations associated with the contributions in this thesis and have been discussed at

the end of each relevant chapter. In general however, a bulk of the limitations centre around the quantity of

animals used for some of the experiments for example in chapters 5&6, and I aim to follow up on that in the

future. Also, the performance gains of the models proposed in these chapters though marginal sometimes,

especially over longer horizons for the model proposed in chapter 6 for instance, I aim to improve on that in

the future.

8.2 Future Work

There are several promising future directions with respect to this body of work and related ones in the

following areas:

• Identifying the onset of symptoms in sheep with Huntington disease: Huntington disease

similar to Batten disease is a genetic neurodegenerative disorder. While preliminary work suggests there

aren’t too much differences if any in the movement patterns of sheep with this disease relative to their

control group, recent study carried out [198] suggests there are significant differences in the metabolic

activities between the two groups of sheep. We therefore plan to mine the long-term accelerometer and

movement data of these sheep that we possess to see if there are significant changes in behaviour and if

any to know when they actually started starting with some of the methods proposed in this thesis [259].

• Memory and integration of information: While human and perhaps animal brain can integrate

information about an event or a course of action over a period of time, it is not clear how to build

machine learning systems with this capability. One major key to achieving this will however be memory

networks and investigating architectures motivated by the behaviour of living systems will be key

towards unlocking the mechanism behind this capability.

• Understanding mechanisms for continual learning in animals: Similar to the above, to build

the next generation of animal inspired robotics and artificial intelligence, understanding the mechanisms
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used by these animals to update knowledge will be important. To this end, several directions with

respect to continual learning in animals are worth investigating. These include but not limited to:

What priors if necessary are important? How are new information updated? How do these animals

decide what to remember and what to forget? What kind of neural architectures are optimal for these

kind of tasks?

• Evaluating the performance of anomaly detection algorithms without synthetic data:

While I have evaluated the performance of the anomaly detection methods using carefully gener-

ated synthetic data, this may not be ideal. In the future, developing metrics useful for evaluating the

performance of these models will be important given just the training data.

• Compositional behaviour reasoning: While a supervised hierarchical approach has been used to

select relevant behavioural module given a sensory input in this work, the question is how can these

modules be used to reason compositionally about highly novel situations?

• Optimal hierarchy: While I have shown in this thesis, hierarchies might be important components

of information storage and retrieval in the brain of animals, learning how to automatically design

the optimal hierarchy is a promising direction towards ensuring the right information is quickly and

efficiently recovered at little computational cost.

• Learning with few labelled data: Collecting real world behaviour data is without any doubt

expensive. And even more expensive is the labelling of this data for downstream application tasks in

understanding animal behaviour. While self-supervised learning has been suggested as a solution to

learning with few labels, it is not obviously clear how this can generalise to non-stationary distributions

with multiple modalities. Investigating the use of self supervised learning in deep sequential generative

model is therefore a direction I aim to consider in future work.

• Augmenting information in forecasting tasks: The mutual information between inputs and

targets appears to decrease albeit at different rates for different tasks as the forecasting horizon

increases [260, 261]. This automatically leads to a decrease in performance for models as this information

decreases. One way to reduce this effect could be to augment the input data in such a way that the

information loss decreases at a slower rate as the forecast horizon decreases whilst not compromising

the amount of information necessary to predict the targets successfully and I aim to investigate this in.

the future.
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Appendix A

Characterizing Animal Movement Patterns Using Information The-

ory (Supplementary Material)

All computations were made using MATLAB R2017a except for the Normalized Compression Distance

that was computed using the TSclust package in R and the mutual information for discrete and continuous

mixtures in python.

A.0.1 Case Study: Shannon entropy as a tool for characterizing movement

patterns of sheep with neurodegenerative disease

For the computations, I used 12 bins (symbols) to compute the entropy. Distance covered every ten minutes

was used to generate the symbols. To bin the data, I used the head/tail classification rule by [151] where the

data was divided mainly in the direction of skewness around the mean until there was only one data point

left.

A.0.2 Mutual information for measuring association in pigeons

I computed the turn-angle between contiguous data points for each bird using:

turn− angle = atan2

(
y2 − y1
x2 − x1

)
(A.1)

Essentially, I computed the tan inverse of the ratio of the change in the x and y coordinates i.e. (
δy

δx
) using
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contiguous points and subsequently computed the difference between contiguous turn angles. I then used the

time series of this turn-angle to compute the pairwise mutual information across all birds in the flock.

A.0.2.1 Randomization Tests

To generate random data and learn significant mutual information, I used the code in Matlab: random data

= min(min(data)) + (max(max(data))-min(min(data))).*(rand(size(data,1),size(data,2))). I computed the

pairwise mutual information using the random data and repeat the experiment ten times. At each iteration I

selected the maximum mutual information and averaged them after all iterations. I applied the same method

when computing transfer entropy as well.

A.0.3 Case study: Kolmogorov complexity as tool for classifying animal move-

ment patterns across scales

Here, I converted all decimals into binary, i.e., a series of zeroes and ones and aggregated all together over

the period of observation for each animal. These strings of ones and zeroes in a pairwise manner were used in

the following formula:

NCD(x, y) =
Z(xy)−min {Z(x), Z(y)}

max {Z(x), Z(y)}
(A.2)

where the compressor Z (gzip) was used. I used the package ’TSclust’ in R1.

I compared the monthly movement patterns of all the 85 animals to find similarities by computing their

pairwise NCD with the default compressor gzip followed by hierarchical clustering of the resulting distance

matrix using the TSclust package in R.

The distance covered every one hour was transformed into its binary equivalent (strings of zeroes and ones)

using the as.numeric float to binary conversion function in R. I also compared the annual movement

patterns of 16 animals across 6 species using the same approach described above for the 85 animals.

1https://cran.r-project.org/web/packages/TSclust/TSclust.pdf
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Figure A.1: Hierarchical clustering. Of the pairwise mutual information of the distance covered of 85
animals spread across 11 species representing the movement patterns over a period of one month.
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Figure A.2: Hierarchical clustering. Of the pairwise mutual information of the distance covered of 16
animals spread across 6 species representing the movement patterns over a period of one year.
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A.1 Supplementary Tables and Figures Appendix A

Sheep ID Batten Disease Day1 Day2 Day3 Day4 Day5 Day6

1185.2009 YES 1.7645 1.3893 0.7607 1.6788 1.8132 1.8934
1187.2009 YES 1.8472 1.4395 1.9331 2.3363 1.9565 2.0052
1120.2009 YES 1.8962 2.3550 1.9297 1.7969 2.0628 2.334
1123.2009 YES 1.9823 1.7283 1.9629 0.1959 1.7149 1.8610
1156.2009 YES 2.0957 1.8789 1.3843 1.3276 1.4582 1.4025
1105.2009 NO 1.8432 2.0031 1.4586 2.6491 2.6392 2.1216
1169.2009 NO 2.3606 1.9889 1.8599 2.6295 1.9189 2.5715
1157.2009 NO 2.4714 2.5085 2.1798 2.6812 2.2815 2.7020
1181.2009 NO 2.4847 1.6326 1.6634 2.9731 2.2835 2.8444
1158.2009 NO 2.5434 2.4597 1.9509 2.5304 2.3482 2.0952
1193.2009 NO 2.6576 2.3378 2.2627 2.3872 1.9063 2.3367

Table A.1: Entropy of 11 sheep in the flock across 6 days of observation. A quick look at the table
shows the batten sheep have a lower entropy relative to the normal sheep.

Pigeon ID M N O P Q R S T U

M - 0.0039 0.0039 0.0050 0.0023 0.0025 0.0101 0.0052 0.0037
N 0.0039 - 0.0357 0.0106 0.0069 0.0136 0.0172 0.0237 0.0129
O 0.0039 0.0357 - 0.0195 0.0199 0.0101 0.0596 0.0302 0.0123
P 0.0050 0.0106 0.0195 - 0.0240 0.0497 0.0178 0.0658 0.0167
Q 0.0023 0.0069 0.0199 0.0240 - 0.0428 0.0230 0.0295 0.0232
R 0.0025 0.0136 0.0101 0.0497 0.0428 - 0.0170 0.0591 0.0137
S 0.0101 0.0172 0.0596 0.0178 0.0230 0.0170 - 0.0264 0.0102
T 0.0052 0.0237 0.0302 0.0658 0.0295 0.0591 0.0264 - 0.0174
U 0.0037 0.0129 0.0123 0.0167 0.0232 0.0137 0.0102 0.0174 -

Table A.2: Pairwise Mutual Information (Kernel Estimator) between the nine pigeons involved
in the flight.
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Pigeon ID M N O P Q R S T U

M - 0.0062 0.0332 0.0169 0.0442 0.0276 0.0181 0.0428 0.0362
N 0.0062 - 0.1041 0.0771 0.0661 0.0626 0.0893 0.0866 0.1008
O 0.0332 0.1041 - 0.0820 0.1022 0.0952 0.1154 0.1028 0.0639
P 0.0169 0.0771 0.0820 - 0.0844 0.1155 0.0814 0.1037 0.1006
Q 0.0442 0.0661 0.1022 0.0844 - 0.1227 0.0735 0.0812 0.0507
R 0.0276 0.0626 0.0952 0.1155 0.1227 - 0.1143 0.1292 0.0529
S 0.0181 0.0893 0.1154 0.0814 0.0735 0.1143 - 0.0879 0.0839
T 0.0428 0.0866 0.1028 0.1037 0.0812 0.1292 0.0879 - 0.0973
U 0.0362 0.1008 0.0639 0.1006 0.0507 0.05293 0.0839 0.0973 -

Table A.3: Pairwise Mutual Information (Discrete & continuous mixtures) between the nine
pigeons involved in the flight.

Pigeon ID M N O P Q R S T U

M - -0.00248 0.0486 0.0292 0.06404 0.0230 0.0093 0.0438 0.0421
N -0.0037 - 0.0997 0.0822 0.0733 0.0563 0.0865 0.0909 0.1052
O 0.0475 0.1013 - 0.0810 0.1182 0.0779 0.1135 0.1103 0.0559
P 0.0292 0.08233 0.0801 - 0.0752 0.1183 0.0848 0.1011 0.1004
Q 0.0644 0.0743 0.1193 0.0752 - 0.1063 0.0659 0.0765 0.0507
R 0.0227 0.0557 0.0770 0.1188 0.1051 - 0.1160 0.1282 0.0459
S 0.0095 0.0875 0.1136 0.0841 0.0647 0.1154 - 0.08973 0.0918
T 0.0435 0.0908 0.1102 0.1004 0.0770 0.1265 0.0906 - 0.0956
U 0.0431 0.1063 0.0545 0.1007 0.0509 0.0454 0.0921 0.0965 -

Table A.4: Pairwise Mutual Information (Kraskov Estimator) between the nine pigeons involved
in the flight.

Pigeon ID M N O P Q R S T U

M - 0.0041 0.0037 0.0036 0.0091 0.0044 0.0026 0.0028 0.0067
N 0.0037 - 0.006 0.0136 0.0088 0.0075 0.0106 0.0081 0.0087
O 0.0049 0.0061 - 0.0107 0.0122 0.0066 0.0159 0.0054 0.0153
P 0.0056 0.0102 0.0163 - 0.0105 0.0076 0.0184 0.0094 0.0147
Q 0.0021 0.0143 0.0078 0.0039 - 0.0089 0.0102 0.0045 0.0127
R 0.0025 0.0074 0.0216 0.0153 0.0105 - 0.0158 0.0114 0.0125
S 0.0015 0.01 0.0167 0.0105 0.0073 0.0074 - 0.0131 0.0211
T 0.0023 0.0119 0.0154 0.012 0.0122 0.0093 0.0144 - 0.0161
U 0.0025 0.0059 0.0136 0.0113 0.0058 0.0085 0.005 0.0052 -

Table A.5: Pairwise transfer entropy between the nine pigeons involved in the flight using a
kernel estimator.
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Pigeon ID M N O P Q R S T U

M - 0.0142 0.015 0.0063 0.0264 0.0202 0.0167 0.0086 0.0177
N 0.0112 - 0.0458 0.0401 0.0517 0.0535 0.0166 0.0369 0.0392
O 0.0011 0.0803 - 0.073 0.042 0.078 0.0533 0.054 0.066
P 0.0175 0.0329 0.0675 - 0.0603 0.0569 0.0458 0.0485 0.0491
Q 0.0078 0.0577 0.0459 0.0645 - 0.0594 0.0944 0.0544 0.0653
R 0.0164 0.0464 0.0587 0.063 0.0625 - 0.0796 0.0409 0.0735
S 0.0125 0.0587 0.0475 0.0844 0.0618 0.0829 - 0.0475 0.0564
T 0.0155 0.0737 0.0729 0.069 0.0663 0.0479 0.0833 - 0.0631
U 0.0124 0.0418 0.0745 0.0561 0.0556 0.073 0.0617 0.0299 -

Table A.6: Pairwise transfer entropy between the nine pigeons involved in the flight using a
Kraskov estimator.

Pigeon ID M N O P Q R S T U

M - 0.0244 -0.0140 -0.036 -0.013 -0.0021 0.0835 0.0114 -0.0571
N 0.0244 - 0.1882 0.0332 -0.0364 0.0744 0.0847 0.1366 0.0731
O -0.0140 0.1882 - 0.0923 0.1108 0.0367 0.2584 0.1453 -0.0012
P -0.036 0.0332 0.0923 - 0.1206 0.2379 0.067 0.2914 0.0899
Q -0.013 -0.0364 0.1108 0.1206 - 0.2218 0.118 0.1774 0.145
R -0.0021 0.00744 0.0367 0.2379 0.2218 - 0.0336 0.2671 0.0757
S 0.0835 0.0847 0.2584 0.067 0.118 0.0336 - 0.1133 -0.00029
T 0.0114 0.1366 0.1453 0.2914 0.1774 0.2671 0.1133 - 0.1026
U -0.0571 0.0731 -0.0012 0.0899 0.145 0.0757 -0.00029 0.1026 -

Table A.7: Pairwise correlation coefficient between the nine pigeons involved in the flight.
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A.2 Synthetic Experiments Appendix A

A.2.1 Case Study: Shannon entropy as a tool for characterizing movement

patterns of sheep with neurodegenerative disease

I created two synthetic agents here to represent the abnormal and normal sheep and 10 generalized pareto

distributions with 10000 random values and with the parameters below:

tail parameters = 0.1 : 0.1 : 1

scale parameter = 0.2

shape parameters =
0.2

tail parameters

The experiment was designed over 10 iterations where at each iteration and any point in time, the normal

synthetic sheep can sample its distance covered from any of the ten distributions whereas the abnormal

synthetic sheep can sample only from two of the distributions selected at every iteration at any point in time.

The decision to limit the number of distributions for the abnormal sheep at each iteration was to simulate

their tendency to get stuck in a behaviour compared to their normal counterparts. The sheep can only sample

1000 times per iteration per day. I computed the entropy over the 10 iterations and averaged the result.

A.2.2 Case study: Kolmogorov complexity as tool for classifying animal move-

ment patterns across scales

I carried out two sets of experiments here. One with a small amount of data (720 location points) and

another one with a larger amount of data (8760 points) to simulate the movement for one month and a year

respectively. I generated 10000 data points from 10 bivariate gaussian distributions with means:
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mean (µ) =



0.001 0.001

0.01 0.01

0.1 0.1

1 1

10 10

15 15

20 20

25 25

30 30

35 35


and covariance matrix (CM):

CM =

 µ+ µ/4 µ+ µ/4

µ+ µ/4 µ+ µ/4


I used the same covariance for all. 50 synthetic animals were created overall and divided into a group of 10, 5

per group. Each member of the group sampled its velocity from the same bivariate gaussian distribution. I

computed the distance covered and also the pairwise NCD afterwards. The results, Figure A.3 and

Figure A.4 show that the 10 groups of synthetic animals can easily be separated using this approach.

205



0 0.1 0.2 0.3 0.4 0.5

Z9a

Z9b

Z9e

Z9d

Z9c

Z8c

Z8d

Z8a

Z8b

Z8e

Z10d

Z10e

Z10a

Z10c

Z10b

Z3d

Z3e

Z3b

Z3c

Z3a

Z2a

Z2d

Z2c

Z2e

Z2b

Z4b

Z4d

Z4a

Z4c

Z4e

Z5a

Z5b

Z5c

Z5e

Z5d

Z6a

Z6b

Z6c

Z6e

Z6d

Z7d

Z7e

Z7b

Z7c

Z7a

Z1b

Z1d

Z1e

Z1a

Z1c

Figure A.3: Hierarchical clustering of the pairwise NCD of the distance covered by 50 synthetic
animals whose velocities were drawn from 10 distributions representing the movement patterns
over a period of one year. Note: Z1b for example indicates a synthetic animal is the second to sample its
velocity from the first random distribution for velocity.
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Figure A.4: Hierarchical clustering of the pairwise NCD of the distance covered by 50 synthetic
animals whose velocities were drawn from from 10 distributions representing the movement
patterns over a period of one month. Labels are as described above.
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A.3 Ethics Statements Appendix A

A.3.1 Paper: A Significance Test for Inferring Affiliation Networks from Spatio-

Temporal Data.

Ethics statement: Eleven (5 Batten disease ewes carrying a mutation in CLN5 and 6 healthy ewes age

matched control) with mean age of 2 years were obtained from Lincoln University, New Zealand (NZ) where

they have been reared under appropriate procedures approved by the Lincoln University Animal Ethics

Committee in compliance with the NZ Animal Welfare Act (1999) and in accordance with US National

Institutes of Health guidelines. The sheep had water and grazing available to them all through the period of

the study.

A.3.2 Paper: Temporal and contextual consistency of leadership in homing

pigeon flocks.

Ethics statement: The experiments described in this study were conducted according to Swiss regulations on

animal welfare and experimentation, license 92/2011 issued by the Zurich Cantonal Veterinary Office. This

license was approved by an ethics committee (composed by scientists and animal protection organizations),

which is responsible for animal welfare and experimentation licensing for all universities in the canton of

Zurich. The license generically approves GPS tracking of homing pigeons, which is considered non-invasive

and not imposing stress on the animals (severity level 0 according to Swiss classification). The owner of the

pigeons is a co-author in this study (H.-P.L.), the lofts being located on his property. The lofts were

approved by the Cantonal Veterinary Office as facility for experimental animals.

A.3.3 Paper: Environmental drivers of variability in the movement ecology of

turkey vultures (Cathartes aura) in North and South America.

Note: Ethics statement not available.
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A.3.4 Paper: Vegetation dynamics drive segregation by body size in Galapagos

Tortoises migrating across altitudinal gradients.

Ethics statement: All animal handling procedures for this study adhered to the policies of the Galapagos

National Park and the Max Planck Institute of Ornithology.

A.3.5 Paper: Home range plus: a space-time characterization of movement

over real landscapes.

Ethics statement: This research was approved by the UC Berkeley Animal Care and Use Committee

R217-0509BR217-0509B.

A.3.6 Paper: Methods for assessing movement path recursion with application

to African Buffalo in South Africa.

Note: Ethics statement not available.

A.3.7 Paper: Black- backed jackal exposure to rabies virus, canine distemper

virus and bacillus anthracis in Etosha National Park, Namibia.

Ethics statement: Twenty-two jackals were fitted with GPS VHF collars recording GPS locations hourly for

1-2 yr. All animals were captured and released safely. This animal handling protocol was approved under

University of California, Berkeley ACUC R217-0509B and by the Namibian Ministry of Environment and

Tourism Game Capture Veterinarian.

A.3.8 Paper: The environmental-data automated track annotation (env-data)

system: Linking animal tracks with environmental data.

Ethics statement: Galapagos Albatross data used for the case study were collected with permission and

support of the Galapagos National Park Service.

209



A.3.9 Paper: Where do livestock guardian dogs go? movement patterns of

free-ranging maremma sheepdogs.

Ethics statement: All research was carried out in compliance with the Australian Code for the Care and Use

of Animals for Scientific Purposes, 7th edition. Ethics approval was obtained from the Animal Ethics

Committee of the University of Tasmania (approval number: A0012323).

A.3.10 Paper: Foraging Behavior and Success of a Mesopelagic Predator in

the Northeast Pacific Ocean: Insights from a Data-Rich Species, the

Northern Elephant Seal.

Ethics Statement : The animal use protocol for this research was reviewed and approved by the University of

California at Santa Cruz Institutional Animal Care and Use Committee and followed the guidelines

established by the Canadian Council on Animal Care and the ethics committee of the Society of Marine

Mammalogy. Research was carried out under National Marine Fisheries Service permits: # 786-1463 and

#87-143.

A.3.11 Paper: Factors influencing foraging search efficiency: Why do scarce

lappet-faced vultures outperform ubiquitous white-backed vultures.

Ethics Statement : All experiments carried out in accordance to the South African Bird Ringing Unit

protocol.

A.3.12 Paper: In search of greener pastures: Using satellite images to predict

the effects of environmental change on Zebra migration?

Ethics Statement : All animal handling procedures were covered by a University of Bristol investigation

number (UB/06/012) and by a Botswana research permit (EWT3/3/8XXXIV).
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Appendix B

Quantifying Abnormal Movement Behaviour in sheep with

Batten disease (Supplementary Material)

B.1 Supplementary Results

Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11

1 No - NS NS NS NS NS NS NS NS S NS

2 No NS - NS NS NS S NS NS S S NS

3 No NS NS - S NS NS NS NS NS S NS

4 No NS NS S - NS NS NS NS S S NS

5 No NS NS NS NS - NS NS S S S NS

6 No NS S NS NS NS - NS S S S S

Table B.1: Pairwise significance when K-means was used. Where S = Significant when p-value ≤
0.05, and NS = Not significant when p-value > 0.05.
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Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11

1 No - NS NS NS NS NS NS S S S S

2 No NS - NS NS NS NS S S S S NS

3 No NS NS - NS NS NS NS NS S S NS

4 No NS NS NS - NS NS NS S S S NS

5 No NS NS NS NS - NS NS S NS S NS

6 No NS NS NS NS NS - S S S S S

Table B.2: Pairwise significance when gaussian based model was used. Where S = Significant when
p-value ≤ 0.05, and NS = Not significant when p-value > 0.05.

Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11

1 No - NS NS NS NS NS S S NS NS NS

2 No NS - NS NS NS NS NS NS NS NS S

3 No NS NS - NS NS NS NS NS NS NS S

4 No NS NS NS - NS NS NS S S NS S

5 No NS NS NS NS - NS NS NS NS NS NS

6 No NS NS NS NS NS - NS NS NS NS NS

Table B.3: Pairwise significance when gaussian based model with log of distance was used. Where
S = Significant when p-value ≤ 0.05, and NS = Not significant when p-value > 0.05.
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Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11

1 No - NS NS NS NS NS NS NS S S NS

2 No NS - NS NS NS NS NS S NS S NS

3 No NS NS - NS NS NS NS NS S NS NS

4 No NS NS NS - NS NS NS NS NS S NS

5 No NS NS NS NS - NS NS S NS S NS

6 No NS NS NS NS NS - NS NS S S NS

Table B.4: Approach2: Pairwise significance with GMM. Where S = Significant when p-value ≤ 0.05,
and NS = Not significant when p-value > 0.05.

Sheep ID

Sheep ID Batten Disease 1 2 3 4 5 6 7 8 9 10 11

1 No - NS NS NS NS NS NS NS S NS NS

2 No NS - NS NS NS NS NS NS NS S NS

3 No NS NS - NS NS NS NS NS NS NS NS

4 No NS NS NS - NS NS NS NS NS NS NS

5 No NS NS NS NS - NS NS S S NS NS

6 No NS NS NS NS NS - NS NS S S NS

Table B.5: Approach2: Pairwise significance with K-means. Where S = Significant when p-value ≤
0.05, and NS = Not significant when p-value > 0.05.
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Appendix C

Learning to Herd (Supplementary Material)

C.1 More Results from Ablation Studies

Figure C.1: Ablation - Model -1 (No collective behaviour recognition) - Metric-1. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the collective behaviour
recognition is important for downstream tasks. The markers are temporal intervals where the difference is
significant using a Mann Whitney U test.
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Figure C.2: Ablation - Model -1 (No collective behaviour recognition) - Metric-2. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that the collective behaviour
recognition is important for downstream tasks. The markers are temporal intervals where the difference is
significant using a Mann Whitney U test.

Figure C.3: Ablation - Model - 2 (Reduced depth of the hierarchy) - Metric-1. Left: Test dataset
1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that deep networks produced better results
than a shallow one. The marker points are temporal intervals where the difference is significant using a Mann
Whitney U test.

Figure C.4: Ablation - Model - 2 (Reduced depth of the hierarchy) - Metric-2. Left: Test dataset
1, Centre: Test dataset 2, Right: Test dataset 3. It can be seen that deep networks produced better results
than a shallow one. The marker points are temporal intervals where the difference is significant using a Mann
Whitney U test.
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Figure C.5: Ablation - Model - 3 (Without top layer control) - Metric-1. Left: Test dataset 1,
Centre: Test dataset 2, Right: Test dataset 3. The proposed approach can be seen to perform better than
this model sometimes and some other times the ablation model performs better. The marker points are
temporal intervals where the difference is significant using a Mann Whitney U test.

Figure C.6: Ablation - Model - 3 (Without top layer control) - Metric-2. Left: Test dataset 1,
Centre: Test dataset 2, Right: Test dataset 3. The proposed approach can be seen to perform better than
this model sometimes and some other times the ablation model performs better. The marker points are
temporal intervals where the difference is significant using a Mann Whitney U test.
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C.2 More Performance Comparison Results

Figure C.7: Performance comparison with respect to baseline 1 - no movement using metric 1.
Left: Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to
outperform no movement baseline most of the time. The markers are areas where the difference is significant
using a Mann Whitney U test.

Figure C.8: Performance comparison with respect to baseline 1 - no movement using metric 2.
Left: Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to
outperform no movement baseline most of the time. The markers are areas where the difference is significant
using a Mann Whitney U test.
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Figure C.9: Performance comparison with respect to baseline 2 - RNN using metric 1. Left: Test
dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to outperform RNN
most of the time. The markers are areas where the difference is significant using a Mann Whitney U test.

Figure C.10: Performance comparison with respect to baseline 2 - RNN using metric 2. Left:
Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Proposed approach can be seen to outperform
RNN most of the time. The markers are areas where the difference is significant using a Mann Whitney U
test.

Figure C.11: Performance comparison with respect to baseline 3 - boids using metric 1. Left:
Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. The performance of each approach varies
depending on the dataset with no clear separation on the winner. The markers are areas where the difference
is significant using a Mann Whitney U test.
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Figure C.12: Performance comparison with respect to baseline 3 - boids using metric 2. Left:
Test dataset 1, Centre: Test dataset 2, Right: Test dataset 3. Boids can be seen to outperform the proposed
approach over long horizons and vice-versa over short horizons. The markers are areas where the difference is
significant using a Mann Whitney U test.

Figure C.13: Performance comparison with respect to all baselines using metric - 3. It can be
seen that the proposed approach outperform all baselines.
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