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Abstract

Over the past year we have seen a number of different methods used to predict the trends of
COVID-19. However, not all models provided promising results and only few employed multivariate
datasets. At the same time, most research findings were not well presented to the public but only
in the literature. In this project I focused on the UK data, found that the usage of government
stringency, vaccination and testing data improved the accuracy of COVID-19 cases forecasting,
while vaccination and historical cases data improved the accuracy of COVID-19 deaths forecasting.
I implemented LSTM models with accuracies of 94.8% and 96.2% for cases and deaths forecasting,
and ARIMA models with accuracies of 89.8% and 90.4%. Three-week forecasts for COVID-19 cases
and deaths data along with various other visualisations were then integrated into a dashboard, which

performed very well both in information presentation and usability.
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Chapter 1

Introduction

1.1 Context and Motivation

Coronavirus disease (COVID-19) is caused by the Severe Acute Respiratory Syndrome Coron-
avirus 2 (SARS-CoV-2) and has had a worldwide effect. On 11 March 2020, the World Health
Organization (WHO) declared it a pandemic, pointing to the more than 1.6 million COVID-19

cases in over 110 countries and territories around the world at the time.

Today, the number of cases has exceeded 151 million, while more than three million people have
died. The UK was one of the countries hardest hit, but with the good progress the Mass Vaccination

Programme has made since 8 December 2020[1], we can now hold a more optimistic attitude.

At the same time, machine learning has been applied extensively in this pandemic. We have seen
a variety of predictive models using different methods and approaches to inform policy development
and help tackle the pandemic. However, not all models provide convincing predictions, and the

research findings are not well presented to the public.

In this project, I want to explore the various forecasting methods that can be used for COVID-
19 forecasting and determine the best approaches. At the same time, I would like to develop a
dashboard to informatively present the findings and make them accessible to everyone. Research

gaps and technical-detailed motivations can be found in Section

All the data presented in this report are as of 20 April 2021.
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1.2

Aims and Objectives

In line with the motivation, this project has the following aims and objectives:

1.

1.3

Explore statistical and machine learning models for COVID-19 cases and deaths forecasting

in the UK and to understand their mechanisms and performance differences.

. Explore multivariate datasets used for deep learning (LSTM) models for COVID-19 cases and

deaths forecasting and determine which factors improve the accuracy of each forecast.

. Use the best models to provide three-week forecasts for UK COVID-19 cases and deaths data.
. Explore visualisation strategies to present the UK and world data and the model predictions.

. A deployed dashboard that integrates well with all of the above and performs well in terms

of information presentation and usability for both technical and non-technical audiences.

Report Structure

This report contains six chapters:

Chapter [I| presents an introduction to the project and the report.

Chapter [2 presents the project background, including a literature review and the related work.
Chapter [3| presents a step-by-step methodology used throughout the life cycle of the project.
Chapter [4] presents the experiments and evaluation during the development phase.

Chapter [5] presents the discussions and evaluation during the deployment phase.

Chapter [0 presents the project conclusions and reflection.
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Background

This chapter presents the background of the project, including a literature review of COVID-19
forecasting methods and a comparative analysis of existing COVID-19 dashboards, then reiterates
the research gaps and motivations, and finally introduces the mathematical foundations of some

methods that will be used in the subsequent chapters.

2.1 Literature Review (Forecasting)

Over the past year we have seen a number of different methods used to predict the trends
of COVID-19. In the early stage of the pandemic the models were mainly those produced by
epidemiologists using epidemiological methods, including the SEIR and SEIRS models|2|. However,
here we need to recognise the uniqueness of the UK data in that the UK is one of the very few
countries in the world that do not publish the COVID-19 recoveries data[3], which is essential to

build the SEIR model, and therefore this was not a viable option for my project.

In the literature review I will focus on the following three types of models: mathematical or
statistical based models, machine learning based univariate models, and machine learning based

multivariate models.

Maleki et al. developed an autoregressive time series model based on two-piece scale mixture
normal distributions, called the TP-SMN-AR model|4]. It was fully mathematical and statistical
based and involved many classical autoregressive methods. The model achieved excellent results
using worldwide COVID-19 recoveries cumulative data from 22 January 2020 to 30 April 2020 and
fitting the last ten days, with MAPE errors as low as 0.22% and 1.6% for the confirmed cases and
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recoveries forecasting respectively. Apart from the model quality, another explanation for its high
accuracy may be that the data itself had a stable and consistent upward trend over time, thus

reducing disturbances to predictions.

This was followed by more studies on COVID-19 prediction based on machine learning and deep
learning methods. Chimmula et al. were among the first researchers to use LSTM models for
COVID-19 prediction[s] . They built a univariate LSTM model using data up to 31 March 2020
and predicted the COVID-19 transmissions in Canada. In the short term, their model predicted
that the COVID-19 cases would reach a peak in mid-April 2020, which can be considered correct,
but they also made a long-term prediction that the entire pandemic could end in June 2020, which

was not quite as accurate.

At the same time, LSTM models can certainly be difficult to train, as Shastri et al. built a
univariate LSTM model using confirmed COVID-19 cases and deaths data up to 1 September 2020 in
India and provided 30-day predictions|6]. The study suggested that the model achieved 97.59% and
98.88% accuracy in cases and deaths predictions respectively, which was apparently unconvincing;:
cumulative cases and deaths data were used in the figures presented for model predictions, the
predicted values were not only inconsistent with the input data but were even declining; cumulative
data should never decline. The resulting interpretation for the one-month forecast was also proven
to be inaccurate. The most likely problem with this study is that the model was over-fitted and

predictions on the training data were used to measure the model performance.

Shahid et al. provided a more robust COVID-19 predictive analysis using univariate deep learning
models, including LSTM, GRU and Bi-LSTM][7]. They also experimented with statistical models
such as SVR and ARIMA. They used data for ten countries up to 27 June 2020, each with 110 days
as input and 48 days as forecast output. The findings were that the Bi-LSTM models generally
provided the best results, but LSTM and GRU models can perform better for some countries; the

deep learning models outperformed the statistical models.

However, Barman’s study had different conclusions[8]. It also compared univariate deep learning
models ( variants of the LSTM model) and statistical model (ARIMA model), and used data up to
25 May 2020 in four countries, with the following results: in many cases, ARIMA provided better
results than the complex LSTM models; the vanilla LSTM model outperformed its complicated
extensions (Stacked LSTM, Bi-LSTM, ConvLSTM, etc.). The LSTM models required more training
data and had more limitations, so the study suggested that ARIMA should be recommended as the
baseline model for COVID-19 prediction. This result is not popular in the COVID-19 forecasting

literature, and while I believe that ARIMA models can do well in many cases, I do not consider the
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ARIMA models to be as robust as the LSTM models. One potential explanation for this result is
that the models in the experiment only performed short term (1/3/5 days) predictions and did not

cover different phases of the data.

Yudistira saw the benefits of using multivariate datasets rather than univariate as the COVID-19
data is affected by many factors, and constructed a multivariate LSTM model in the experiment
and compared it to a multivariate RNN model|9]. In addition to the COVID-19 cases, deaths and
recoveries data, the models also used the latitude and longitude of a region as input. It used data
up to 1 May 2020 for 100 countries as training data and 4 countries as validation data, resulting in
the LSTM model outperforming the RNN model with relatively high accuracy. The study presented
the idea that a country’s geographical location has an impact on its COVID-19 data, and while it is
relatively innovative and has some data to support it, I believe the experiment would be even more
convincing if it used not only geographic data but also took into account demographic, economic,

and social factors.

Chandra et al. conducted a more comprehensive experiment by comparing univariate and mul-
tivariate versions of the LSTM, BD-LSTM, and ED-LSTM models|[10] . It used data for 10 Indian
states up to September 2020 as input and population density as a multivariate feature, evaluated
with 4-day projections and finally the best performing model was selected for a two-month pre-
diction. The results were: the LSTM and BD-LSTM models outperformed the ED-LSTM model
overall; the univariate models outperformed the multivariate models; and the two-month predic-
tions were accurate overall. As stated by the authors, the biggest challenge was the lack of relevant
data; the authors intended to capture data on population density, logistics and social aspects such
as culture and lifestyle, but ultimately only population density was achieved, which turned out to
be a confounding factor and did not contribute to the accuracy of the model. For such a regional

level study, I believe using data of lockdown measures as one of the inputs would have been very

helpful.

Said et al. further improved the process of building a multivariate LSTM model for COVID-
19 forecasting[11]. It first applied KMeans to cluster individual countries based on demographic,
social-economic and health sector indicator data, and used COVID-19 data for countries clustered
with Qatar up to 31 June 2020 as training data, then built a multivariate Bi-LSTM model with the
feature of the lockdown measures added to perform 10-day predictions for Qatar. The training data
of the model was made more relevant by clustering, and the model achieved significant improvement

in the prediction performance by adding the lockdown measures data.
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Reference Methods Forecast Features (multivariate) Latest Data Area Results
Cases/Deaths, Stringency, LSTM model outperformed ARIMA model
Proposed Work ARIMA,LSTM 21 days Vaccination, Admissions, 20 Apr 2021 UK and had 94.3%/96.2% accuracy for
Tests, Ventilators, RO cases/deaths forecasting
The study suggested 97.59%/98.88%
Shastri et al. |6 LSTM 30 days / 1 Sep 2020 India accuracy for cases/deaths forecasting
but the model performed poorly
Yudistira9 LSTMRNN 33 days Ca‘scs/Dcaths/Rcr;ovcr'cd‘ 1 May 2020 Varlogs LSTM model 0'utpcrformcd RNN model
Longitude, Latitude Countries and had relatively good performance
ARIMA,SVR, 10 Countries Bi-LSTM model performed generally
Shahid et al.|7] GRU,LSTM, 48 days / 27 Jun 2020 including better but LSTM and GRU model
Bi-LSTM Brazil performed better in some countries
Barman[8 A(I}IzIA;ES)T?I 1/3/5 days / 25 May 2020 US, Germany, | ARIMA model outperformed LSTM models
armani ANC Vanous aays Y Italy, Spain LSTM model outperformed its variants
extensions)
LSTM 1/2/3/4 days (univariate outperformed multivariate)
Chandra et al.|10] BD-LSTM, (validation) Population Density 30 Sep 2020 140 Sta?es LSTM and BD-LSTM models
60 days in India outperformed ED-LSTM model and
ED-LSTM S R
(prediction) had relatively good performance
. . . Qatar and .
IR ] KMeans+ - Demographic, Socioeconomic, . Bi-LSTM model outperformed LSTM model,
Said ef al.(11 Bi-LSTM 10 days Health Sector, Lockdown 31 Jul 2020 othcr' lockdown data improves accuracy
countries
Maleki et al.|4] TP-SMN-AR 10 days / 30 Apr 2020 World The model had really good performance

and prodived 98% confidence interval

LSTM 2/4/6/8/10/ / 31 Mar 2020 Canada Model prediction of Canada was close
12/14 days

Chimmula et al.|5]

in short term but wrong in long term

Table 2.1: Literature review of COVID-19 forecasting methods and proposed work.

Table presents a summary of the literature review of COVID-19 forecasting methods and

proposed work.

2.2 Related Work (Dashboard)

Following the COVID-19 forecasting, the final project deliverable will be a integrated dashboard

and it is important to first understand the existing work.

As the project is focused on the UK, we can not ignore the official UK government COVID-19
dashboard, which was developed by Public Health England[12]. As the audience is the general
public, it provides basic and essential information for all regions of the UK and is of relatively
good usability. The only problem is that it has too many metrics for each data, for example, for
COVID-19 cases data, it has cases by reporting date data, cases by testing data, cases by laboratory
testing data, etc. This can cause confusion and reduce usability; to address this issue, they also

provide a simple summary of the UK. Figure [2.1| contains a screenshot of the official UK government

dashboard.

Another important dashboard was developed by Johns Hopkins University (JHU) and it has been
referenced by various organisations[13]. JHU has collected data for each country in the world since
the beginning of the pandemic, and the dashboard provides the basic information presented in a

map. Figure contains a screenshot of the JHU dashboard.
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Figure 2.1: Screenshot of the official UK government dashboard|12].
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Figure 2.2: Screenshot of the JHU dashboard|13].
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Our World in Data has also developed a dashboard for the global COVID-19 data with com-

prehensive charts and analysis[14]. However, this dashboard is somewhat overly complex and the

hierarchy of charts is not clearly organised, making it relatively less usable.

In contrast, Bhatia provided a dashboard focusing on COVID-19 trends in different countries
with good usability[15]. Figure contains a screenshot of Bhatia’s dashboard.
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Incubator for Media Education and Development (iMEdB) developed an impressive dashboard
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Figure 2.3: Screenshot of Bhatia’s dashboard.
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for Greece. It provides basic data about Greece and the world, and also shows the major events

in Greece as annotations. The structure is well designed and the visualisation is informative, thus

the dashboard has promising usability. Figure contains a screenshot of the iMEdB dashboard.
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Figure 2.4: Screenshot of the iIMEdB dashboard.

The University of Texas (UT) included a forecast in their work[17]. It provides a three-week

projection for US mortality data, using SEIR and curve fitting methods. It is simple and useful.

Figure contains a screenshot of the UT dashboard.
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Figure 2.5: Screenshot of the UT dashboard.

The COVID-19 ForecastHub provided a more comprehensive dashboard in terms of forecasting
and is the data source for the official US CDC COVID-19 forecasting page[18]. It integrates more
than 20 predictive models, including statistical and machine learning models for US COVID-19 cases
and deaths predictions. However, the different models provide very different results, making this
dashboard only suitable for technical audiences. Figure contains a screenshot of the COVID-19
ForecastHub dashboard.
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Figure 2.6: Screenshot of the COVID-19 ForecastHub dashboard.
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Reference Focus | Events | Trend Map Forecasting Audience Complexity | Usability
Proposed Work UK UK World (UK) Cases/Deaths LS%?ZX%E\?X%?ZZ};bIe NIZTJS}EEZ al 3 4.5
UK Government|12)] UK / / (UK) Cases / Non-technical 3 4
JHU CSSE|13] World / / %‘2 (;rtl}(ll 5) /gzzte;’lgclie;/ / Non-technical 2 3
ionu]g:tvgirllj World / World Various Maps / szi:gﬁz al 5 1.5
Bhatia15| / / World / / Nﬁﬂ:}fﬂé A 2 4
MEAB1g Greece | Greeee |/ | GO ovation. / Nontechmieal| ’

uT] us | /] / " urveriing | Nowvedmieal| ! ’
Forenttorfis] | US| | / o motes | Teewiad |85 55

Table 2.2: Comparative analysis of existing COVID-19 dashboards and proposed work, where
”complexity” and ”usability” are self-evaluated metrics scored from 1 to 5.

Table presents a summary of the comparative analysis of existing COVID-19 dashboards and

proposed work.

2.3 Research Gap and Motivation

From the literature review of COVID-19 forecasting methods, we have seen the strengths and

limitations of various models, with research gaps including:

1. Model Selection: Different studies provided different answers as to which is better to be

used for COVID-19 forecasting, statistical models or machine learning models.

2. Multivariate Models: The use of multivariate models has advantages over univariate mod-

els, but few studies have used multivariate datasets.

3. Feature Experiments: Many studies using multivariate models only considered geographi-

cal or demographic data, but did not take into account factors that have a more deterministic

impact on COVID-19 trends, such as government lockdown measures, testing and vaccination.

4. UK-focused Forecasting: To the best of my knowledge, very few studies have implemented

forecasting methods focusing on UK data and considered different factors.

partially because of the uniqueness of the UK data described in Section

This may be

From the comparative analysis of the existing COVID-19 dashboards, we can also see some

limitations of the current work:

1. Annotated Visualisation: Most time series visualisations did not include the social context

or critical events when providing graphs of the COVID-19 data.



Background 11

2. Forecasting Dashboards: Most of the forecasting methods described in the literature review
have not been visualised and deployed, and most of the available dashboards provide only basic

information without forecasts.

3. Audience Acceptance: To my knowledge, most dashboards that provided predictive func-
tionality were not accompanied by good presentation of basic information, and very few

achieved a high quality combination of the two.

Therefore, I will focus on the following in my project to overcome the above limitations:

1. UK-focused Forecasting: I will focus on the UK data and provide the best models for
COVID-19 cases and deaths forecasting through feature experiments and model experiments

respectively.

2. Feature Experiments: [ will construct a multivariate LSTM model and experiment with
different features such as government lockdown stringency, testing, vaccination, transmission
rates, etc. and identify the features that can best improve the accuracy for both COVID-19

cases and deaths forecasting.

3. Model Experiments: In addition to the deep learning (LSTM) models, I will also construct
statistical (ARIMA) models and find out which model will perform the best in COVID-19

cases and deaths forecasting.

4. Visualisation: The visualisation should be informative and serve the following purposes,
presenting the context of the UK COVID-19 data and the differences between the different
predictive models, providing a map visualisation including COVID-19 cases and deaths data
for different UK areas, as well as providing an overview for the world so that people can easily

understand what is happening in different countries.

5. Dashboard: The aim of the dashboard is to provide a good combination of predictive func-
tionality and basic information, suitable for both technical and non-technical audiences with

good usability.

2.4 Time Series Forecasting

In this section I will introduce the mathematical foundations of some time series forecasting

methods that will be used in the later chapters.
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2.4.1 ARIMA

Autoregressive Integrated Moving Average (ARIMA) model is time series forecasting model,
which is a generalisation of Autoregressive Moving Average (ARMA) model. It is applied when
the data show non-stationarity in the mean sense, where an initial differencing step (corresponding
to the ”integration” part of the model) can be applied one or more times to eliminate the non-

stationarity of the mean. The process of first order differencing is shown in Equation [2.1

The AR part of the model indicates that the data to be predicted is regressed on its own lagged
values, and the MA part of the model shows that the regression error is a linear combination of error
terms whose values occurred simultaneously at different times in the past|19]. An ARIMA (p/,q)
model is represented mathematically in Equation

Yt =Yt — Yi-1 (2.1)

P’ q
1= ol | Xy = (1 = QZ-Li> £t (2.2)
=1 i=1

Where, X; and t represent the time series data and its time index; L represents the lag operator;
a; and 6; represent the parameters of the autoregressive and moving average part of the model

respectively; e; represents the error terms.

24.2 LSTM

Artificial Neural Networks (ANNs) can handle complex relationships, but they cannot capture
historical dependencies in the data, and the performance of the models depends substantially on the
features of the dataset[20]. A type of ANN called Recurrent Neural Network (RNN) was proposed
to solve problems involving sequential data. In RNN, the current state is predicted based not only
on the current input values, but also on previous hidden state values. However, RNNs suffer from
the problem of gradient vanishing and gradient exploding, resulting in RNNs not being able to learn

long-term dependencies from the data and can only be used for short-term prediction|21].

Long Short Term Memory (LSTM) networks overcome these drawbacks by employing memory
cells, input gate, forget gate and output gate, and can perform much better in learning long-term

dependencies. Figure shows the architecture of LSTM.
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Yt

v
0

Figure 2.7: The architecture of LSTM.

The forget gate is the first sigmoid function, which determines whether the information from the
previous cell state will be preserved. The input gate donates the next sigmoid function and the
first tanh function, which indicates whether the information will be saved to the cell state. The last
sigmoid function is the output gate, which determines whether the information will be passed on

to the next hidden state. The process is represented mathematically in Equation (2.3)-(2.8):

Jr =0 (wy[hi—1, 2] + by) (2.3)

it = o (ws [he_v, 1] + by) (2.4)

ot = 0 (We [ht—1,2¢] + bo) (2.5)

¢t = tanh (we [hi—1, z¢] + be) (2.6)
et = frxci_1+i*G (2.7)

he = or % tanh (¢;) (2.8)

Where, f:, it, 0; represent forget gate, input gate, output gate at time t; o, tanh represent sigmoid
and tanh function; wy, w;, w; and by, b;, b; refer to the wights and biases respectively; ¢;, ¢, ht
represent candidate cell state, cell state and output hidden state at time t; * donates element wise

multiplication of vectors.



Chapter 3

Methodology

This chapter presents the step-by-step methodology used throughout the life cycle of this project,
from data collection, data pre-processing and construction of deep learning and statistical models, to

visualisation, dashboard construction and evaluation. Figure [3.1] shows an overview of the project.

(Construction)
4 LSTM
o Pre-processing | (Averaging)
ata ”| Ensemble [ |
Scources UK Data
«|(Construction)
ARIMA
Pre-processing Pre-processing Integration
World Data UK Map Data
Y Y
(Visualisation) (Visualisation) (Visualisation)
World Page Map Page UK Page

Visualisation

Deployment

Integration
Y

Covid-19 (Forecasting) Dashboard

Figure 3.1: An overview of the project.

14



Methodology 15

3.1 Data Collection

Over the past year, a variety of data sources related to COVID-19 have been released by both
the public and private sectors. In this project, I used ten different types of data; for this report, all
data are as of 20 April 2021.

1. Time Series Data (UK) - daily recorded case and death data for the UK. This dataset is
provided by Public Health England[12]. It is time-series data containing daily new cases and
cumulative cases, daily new deaths and cumulative deaths in the UK. The case data is from
31 January 2020 to 20 April 2021 (from the first recorded case) and the death data is from 6
March 2020 to 20 April 2021 (from the first recorded death).

2. Time Series Data (world) - the cumulative number of cases and deaths recorded in 275
different countries around the world. This dataset is provided by the Center for Systems
Science and Engineering (CSSE) at Johns Hopkins University (JHU)[13]. It contains data
from 22 January 2020 to 20 April 2021.

3. Government Stringency - Oxford COVID-19 Government Response Tracker (OxCGRT).
This dataset is provided by the Blavatnik School of Government at the University of Ox-
ford[22]. It comsiders school closures, workplace closures, cancellation of public events, as-
sembly restrictions, public transport, stay-at-home orders, internal movement restrictions,
international travel controls and public information campaigns to provide a score from 0 to

100 to measure the strictness of government responses. It contains data from 1 January 2020

to 19 April 2021.

4. Vaccination - the proportion of the population who have received their first dose of COVID-
19 vaccines. This dataset is provided by Public Health England[12] and contains data from
10 January 2021 to 19 April 2021.

5. Hospital Admissions - the number of daily COVID-19 hospital admissions. This dataset
is provided by Public Health England[12] and contains data from 23 March 2020 to 14 April
2021.

6. Testing - the number of COVID-19 tests performed per day. This dataset is provided by
Public Health England[12] and contains data from 31 March 2020 to 19 April 2021.

7. Ventilators - the daily number of COVID-19 occupied hospital beds with medical ventilators.
This dataset is provided by Public Health England[12] and contains data from 2 April 2020
to 19 April 2021.
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Data Name

Data Scource

Data Type

Data Usage

Time series data (UK)

Public Health England

Original Data

Government Stringency

University of Oxford

Additional Feature

Vaccination

Public Health England

Additional Feature

Boundaries

Office for National Statistics

Original Data

Hospital Admissions Public Health England Additional Feature UK Page
Testing Public Health England Additional Feature
Ventilators Public Health England Additional Feature
RO Francisco Arroyo et al. Additional Feature
Time series data (world) | Johns Hopkins University Original Data World Page
UTLA Public Health England Original Data

Map Page

Table 3.1: Description and usage of the different data.

8. RO - the reproduction rate of COVID-19 infections in the UK. This dataset is provided by

Francisco Arroyo et al[23]. It contains data from 3 March 2020 to 17 April 2021.

9. UTLA - the latest cumulative COVID-19 cases and deaths data per 100,000 residential pop-
ulation for the different Upper Tier Local Authorities (UTLA) in the UK. This dataset is
provided by Public Health England|12] and contains data as of 19 April 2021.

10. Boundaries - the digital vector boundaries for countries and unitary authorities in the UK as

of December 2019. This data is provided by the Office for National Statistics’ Open Geography

Portal[24].

Table shows a description and usage of the different data above.

3.2 Data Pre-processing

Real-world data can be inconsistent and complex; therefore, a combination of different data pre-

processing methods need to be utilised before we can analyse the data[25]. In this section, I will

describe the methods I used when pre-processing data for the LSTM model, both the original time

series data and additional features data.

3.2.1 Original Data

LSTM models are sensitive to input, and I followed a two-step approach to pre-process the data.

1. Differencing: Differencing can be used to remove temporal dependencies, including trends

and seasonality. It removes the level changes in the time series to stabilise the mean[26),
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p. 215]. Differencing is performed by subtracting the value of the previous time step from the

value of the current time step, as shown in Equation [3.1

Dif ferenced (t) = Original (t) — Original (t — 1) (3.1)

2. Scaling: The scale of the data will be normalised to a range of 0 to 1, which is the range of

LSTM'’s activation function. Equation shows the normalisation process.

Scaled (t) = Original () — maz (Original)

max (Original) — min (Original)
3.2.2 Additional Features

The additional features data have multiple time ranges, and it is fundamental to keep each feature
consistent with the original time series data. Each feature will be processed twice to provide the
correct version of the sequence for cases and deaths forecasting. Referring to the time indices of the
original cases and deaths data, padding and stripping are employed to ensure that the additional

features have the same time indices as the original data. The process is illustrated in Figure [3.2

. Cases .
20206-2-3 2021-4-20

] i
Reference @ ! I
:padded Stripped

3
| i |

Process ! | . I I

strippgd :stripped

Process [ 1 1 |
Feature for Deaths §\;> M ' !

% 2026-3-9 2021-4-20
Reference } f

!
5 =

Figure 3.2: The process of adjusting additional features’ time indices.

Afterwards, all the additional features data are also scaled to a range of 0 to 1.
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3.2.3 Sequence Transformation

After the above two steps, the data is transformed into sequences. the LSTM model requires the
input data to have the following 3D structure (number of sequences, number of time steps, number
of features) and Figure demonstrates how the data is transformed into sequences. The sequences

will then be used to train the model.

Addition Features Data

? Input Size

»| Sequence: Input Data

Time Series Data

»| Sequence: Output Data

Output Size

Figure 3.3: The process of transforming data into sequences.

3.3 Forecasting

Time series forecasting of UK COVID-19 cases and deaths data is a core function of my project.
In this section, I will describe the methods employed to implement the LSTM model and ARIMA
model for forecasting, as well as a further ensemble model of the two aforementioned models, for

reference.

3.3.1 LSTM
3.3.1.1 Structure

After pre-processing the original data and additional features, the selected inputs are passed into
the LSTM model, which then produces multi-step predictions; for this project I chose to forecast
for the next three weeks based on data from the previous week. However, the direct output of the
model is differenced and scaled, and reverse scaling and reverse differencing is required to obtain

the final model predictions. Figure illustrates the process of forecasting with the LSTM model.
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Feature Pre-processing

> Additional Features

Scaling
Differencing + Scaling
Cases/Deaths Data > LSTM
Evaluation Prediction
Reverse Differencing + Reverse Scaling
Final Results [« Model Outputs

Figure 3.4: The process of forecasting with the LSTM model.

3.3.1.2 Training

Adaptive Moment Estimation (Adam) is used as the optimiser. Adam optimisation algorithm is
an extension of Stochastic Gradient Descent(SGD), proposed by Diederik Kingma and Jimmy Ba
in 2015. Adam computes individual adaptive learning rates for different parameters from estimates
of the first and second moments of the gradient, which in practice can provide better optimisation

results than other stochastic optimisation methods|27].

Mean Square Error (MSE) is used as the loss function. MSE is the most commonly used regression
loss function and is the sum of the squared distances between the actual values and the predicted

values|2§|, as shown in Equation

MSE =

n — Predicte 2
Z (Actual (t) : dicted (1)) (3.3)
t=1

3.3.1.3 Early Stopping

One of the main challenges when working with deep learning models is how long to train them.
Undertraining means that the model will underfit the training and testing data; however, overtrain-
ing means that the model will overfit the training dataset and perform poorly on the testing set[29].
Underfitting can be addressed by improving hyperparameters and increasing training epochs, and

overfitting needs to be addressed by regularisation. Early stopping is one of the oldest and most
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widely used forms of neural network regularisation, and it can provide an effective and simple way

to avoid overfitting[30, p. 247].

In my approach, the loss function values on the training data are monitored and if the model
performance does not improve within 10 epochs, the model will stop training and the best performing

model will be returned.

3.3.1.4 Dropout

Dropout is another regularisation method used to avoid overfitting when training a neural net-
work. During the training process, some outputs of the layers are randomly ignored or dropped
out. This has the effect of making the model less complex and the remaining units are forced to
probabilistically take on more or less responsibility for the inputs. This would make the model more
robust by not allowing the connected network layers to co-adapt to correct the errors from the prior

layers|31].

In my approach, each LSTM layer is followed by a dropout layer with a dropout rate of 0.2,
meaning that the LSTM layer is only trained on 80% of the randomly selected units.

3.3.1.5 Confidence Interval

Another feature of my project is that it not only provides a three-week forecast, but also a 95%
confidence interval. However, there is no direct way to obtain 95% confidence intervals for the

predictions from the LSTM model.

In my approach, I used the dropout layers to derive the prediction intervals. The process is as

follows:

1. Enable the dropout layers in both the training and prediction phases.
2. Perform model predictions for 10 times and record the values.

3. Calculate the mean value as the model output and the 97.5% and 2.5% percentile as the upper

and lower bounds of prediction uncertainty.

Equation ({3.4])-(3.6) show how the model predictions and confidence intervals are calculated.
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Model Prediction = mean (Predictions) (3.4)
Lower Bound = percentile( Predictions, 2.5) (3.5)
Upper Bound = percentile( Predictions, 97.5) (3.6)

3.3.2 ARIMA

3.3.2.1 Structure

ARIMA models have three terms:

e p: The order of the auto-regressive (AR) model. It is the number of previous values in the

time series that will be used to predict later values.

e d: The degree of differencing (Integration). It is the order of the differencing that will be

performed to eliminate the trend shown in the time series data.

e q: The order of the moving average (MA) model. It is a linear combination of past errors.

Each time the ARIMA model makes a prediction, a grid search is performed for different values
of the 3 terms mentioned above and the model with the best performance is selected.The optimal
model will then make a forecast, which will return the predicted values for the next three weeks

with a 95% confidence interval.

In my approach, p and q values are iterated from 2 to 5, while d values are iterated from 0 to 2.

3.3.2.2 Grid Search

Two types of methods are used to measure the performance of the model when performing grid

searches.

1. Augmented Dickey-Fuller (ADF) Test: It tests for the null hypothesis that there is a
unit root in the time series sample, which implies that the time series data is non-stationary.
The ADF statistic used in the test is a negative number; the larger the negative number, the

stronger the rejection of the null hypothesis or the acceptance of the alternative hypothesis,
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which implies that the data is stationary[32]. It is used to select the optimal d value that

makes the data most stationary.

2. Bayesian Information Criterion (BIC): It is a criterion used to select a model from a
limited set of models; the lower the BIC value the better the model performs. When training
a model, adding parameters can increase the likelihood, but it can also lead to overfitting.
BIC attempts to solve this problem by introducing a penalty term for both the number of
model parameters and the number of samples used to train the model[33]. It is used to select

the optimal p and q values that minimise BIC.

3.3.2.3 Stepwise

When performing a grid search, a brute-force approach iterates over every combination of pa-
rameters and can take a long time. Hyndman and Khandakar proposed a stepwise approach|34]. It
starts with four possible models, selects the model with the smallest BIC as the current best model,
and then considers a number of other models, updating the current best model whenever a model
with a lower BIC is found. It reduces processing time by adding intelligent procedures for testing

model orders and does not require testing all models|35].

In my approach, the stepwise method is used to perform the grid search.

3.3.3 Ensemble

The LSTM model and the ARIMA model are based on different mechanisms for forecasting and
so the prediction patterns will differ for different types of data. It is helpful to understand the
similarities and differences in the performance of these two models over time, so I constructed an

average ensemble model. It will return the mean of the predicted values and confidence intervals of

the LSTM and ARIMA models, in the process shown in Equation (3.7)-(3.9).

LSTM Predicti ARIMA Predicti
Ensemble Prediction = reduetion +2 1 rediction (3.7)

LSTM L Bound+ ARIMA L Bound
Ensemble Lower Bound = & ower Zoun +2 i ower Zoun (3.8)

LSTM Upper Bound+ ARIM A Upper Bound
2

Ensemble Upper Bound =
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3.3.4 Cleansing

In the actual time series forecasts, there is not enough information to tell the model to set
thresholds for the predictions. In particular, the cases and deaths data for COVID-19 are always
non-negative integers, but the model does not know this and may instead make negative predictions,
so I performed prediction cleansing by converting all negative predictions to zero, as shown in

Equation [3.10

Prediction, if Prediction > 0
Prediction = (3.10)

0, otherwise

3.4 Visualisation

Visualisation is another important part of my project, which aims to provide an in-depth ex-
ploration of the COVID-19 outbreak in the UK, while providing an informative overview of the
situation in different countries around the world. It should be appropriate for both technical and

non-technical audiences; in this section I will describe the strategies for visualisation.

3.4.1 Forecasting (UK)

To informatively present the time series data from the COVID-19 cases and deaths data in the
UK, and the predictions from the different models, I used two methods:

1. Predictions: The original time series data and its seven-day average data are first plotted
on the graph, followed by the model predictions and 95% confidence intervals, indicated by
different colours. There is also a button for model selection where the user can select different

models and see the different outputs.

2. Major Events: In addition to the historical data, I also chose to plot the major events during
the pandemic, including the lockdowns, mass vaccination programme and other measures. It
is presented in the form of annotations that match the dates of the historical data. There is

also a button for the user to choose to show or hide these events.

Figure shows the structure of the forecasting graph.



Methodology 24

Button to Show or Hide Annotations
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»| Annotation of Major Events

7-Day Average Recorded Number

»  Forecasting Visualisation

LSTM Model

Predicted Number

ARIMA Model (95% Confidence Interval)

Y

A
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Figure 3.5: The structure of the forecasting graph.
3.4.2 Overview (world)

COVID-19 is a global pandemic, and it is not enough to look at data from the UK alone. It is im-
portant for us to know what is happening in other countries, especially those that are geographically

or demographically similar to the UK, or that have other important references.

3.4.2.1 Motivation

In the most common charts (number of cases or deaths versus time), although it can give us a
numerical overview of each country, it does not directly provide an easy way to understand whether

the situation is getting better or worse.

In my approach, I plotted not only the curves for different countries, but also the trajectories of
different countries by plotting the logarithmic scale of the number of new cases or deaths against
the total number of cases or deaths, and it can provide us with a clear overview of the trajectories

of different countries|15].
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3.4.2.2 Behaviour

If a country has a constant growth rate (exponential), it will move upwards linearly in the graph;
if the growth rate is getting slower, it will fall in the graph, meaning that the virus is under control; if
the growth rate is getting faster, it will rise back to the linear trajectory, meaning that the situation

is getting worse.

3.4.2.3 Weekly Totals

On the Y axis, I have chosen to plot new cases per week rather than per day, not only to stabilise
the graph but also to give a more robust and accurate picture of the actual trends in different

countries.

3.4.2.4 Reference Countries

Johns Hopkins University (JHU) has provided data for 275 countries around the world[13], how-
ever, if we plot each country in the same way, the charts would become messy and lack order of

significance.

In my approach, seven countries are highlighted in different colours and the others are plotted
with thinner grey lines. The seven countries are: the United Kingdom (the focus of this project);
Italy, Spain, France, Germany (European countries with a similar population size to the UK); the

United States and China (which played important roles at different stages of the pandemic).

Due to the nature of Plotly charts[36], users will also have the option to zoom in to see more

detailed trajectories or choose to view each individual country.

3.4.2.5 Adjustments

To make the chart neater and to improve usability, all country names longer than the United

Kingdom will be replaced with their ISO 3166-1 alpha-3 standard[37] three-letter country code.
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3.4.3 Maps

In addition to information at the national level in the UK, it is valuable to provide regional
level data on COVID-19 infections and fatalities. Not only does it help citizens to understand the

situation in the area, it can also inform local government policies.

In my approach, I have chosen to map the cumulative cases and deaths data per 100,000 residential
population for different Upper Tier Local Authorities (UTLA)[24]. This has the advantage that it
takes into account not only the total number of cases or deaths, but also the population density,
and therefore provides a more accurate regional overview. The maps of infections and fatalities are

presented in different colours, and are designed to be interactive and easy-to-use.

Notably, I also created a mapbox|38| style to match the background colour of the maps to the

dashboard, thus improving the consistency of the system.

3.5 Dashboard

The integration of time series forecasting models and various visualisation strategies is the final
part of my project. As it is a publicly accessible system, designed to suit both technical and non-
technical audiences, the usability of the system had to be carefully considered. In this section I will

describe the user experience principles I followed when designing the dashboard.

3.5.1 User Experience (UX)

User Experience (UX) describes the user’s interaction and experience with a system[39]. When

designing the dashboard, I followed 5 UX principles[40)].

3.5.1.1 Hierarchy

The first hierarchy relates to the information architecture, i.e. how the content is organised
throughout the site; the visual hierarchy is how the designer helps the user navigate more easily

through a section or page[40].

In my dashboard, there is a sidebar on the left hand side which contains the most basic and
essential information, including the latest figures for the UK, last updated times, cases and deaths

curves, it also has three buttons to help the user navigate through each of the following pages: UK
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page, World page and Map page. Figure [3.6] contains the structure of the dashboard; Section

described how the user can interact with each individual chart.

Cases Forecasting

> UK Page

Deaths Forecasting

Cases Curve Sidebar Layout

» Final Dashboard

Deaths Curve

> World Page »  Content Layout

Cases Trajectory

Deaths Trajectory

Cases Map

Map Page

Y

Deaths Map

Figure 3.6: The structure of the dashboard.

3.5.1.2 Consistency

The entire system of my dashboard adheres well to the principle of consistency. It has several

different aspects:

1. Colours: The background colour, paper colour and the colour used to present case and death

data are consistent throughout the system.

2. Fonts and Styles: The style of each individual chart and the fonts used to present the

different titles and information are consistent.

3. Navigation Toolbars: Due to the nature of Plotly charts[36], each chart has the same

navigation toolbar, including features such as zooming and area selection.
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3.5.1.3 Confirmation

Error prevention is another important goal when designing a system[40]. In my dashboard,

confirmation is achieved in two ways:

1. Feedback: When the system or any of the actions are loading, it provides a “Loading...”

message in the navigation bar of the browser.

2. Error Messages: When the user tries to do an impossible action or goes to a page that does

not exist, an error message will appear and ask the user to acknowledge it.

3.5.1.4 User Control

My dashboard provides a high level of control to the users. In addition to the functions described
in section such as model selection, country selection, showing or hiding of the major events,
and free navigation through the different pages, each individual graph also provides the following
functions: saving the graph to a local device, panning, boxing, lasso selection, zooming in, zooming

out, autoscaling, resetting the axes.

3.5.1.5 Accessibility

In my dashboard, the principle of accessibility is realised in two ways:

1. Deployment: The dashboard is deployed on the Amazon Web Services (AWS)[41] Elastic

Beanstalk, which provides a stable connection with low response times to the system.

2. User Interface (UI): The user interface is logically designed and uses contrasting colours to

present cases and deaths data respectively, thus improving the accessibility of the information.

3.6 Evaluation

In my project, evaluation serves two purposes:

1. During the development phase: to evaluate different features, model structures and hy-
perparameters in order to build the best performing models. It will be presented in Chapter

4
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2. During the deployment phase: to evaluate the final model, visualisation, dashboard in-
formation and usability (in line with the aims and objectives set in Chapter [1). It will be

presented in Chapter

In this section I will describe the different metrics and methods used to perform the evaluation.

3.6.1 Forecasting
3.6.1.1 Local Evaluation
Figure shows the process of local evaluation.

Input Size o Output Size
Predicting

Prediction Data

Y

Input Data > Model

evaluate

Metrics

Actual Data

Figure 3.7: The process of local evaluation.

Given the input data and the model, the resulting predicted data is measured against the actual

data that the model has not seen before, using three evaluation metrics:

1. Mean Absolute Error (MAE): the average value of absolute errors between predicted and

actual data[42]. It is the average error of daily model predictions. The calculation is shown

in Equation

2. Mean Absolute Percentage Error (MAPE): the average percentage value of absolute
errors between predicted and actual datal43]. It is the average accuracy of daily model pre-

dictions over the prediction period. The calculation is shown in Equation

3. Percentage Mean Absolute Error (PMAE): the ratio of average absolute error between
predicted and actual data against the maximum input value. It is the average accuracy of

daily model predictions over the training and prediction period. The calculation is shown in

Equation



Methodology 30

> iy |Predicted (t) — Actual (t)]|

MAE = - (3.11)

1 | Predicted (t) — Actual (t)
MAPE = — 3.12
n ; Actual (t) (312)

1 | Predicted (t) — Actual (t)
PMAE = — 3.13
n Z mazx (Actual + Input) (3.13)

t=1

Notably, PMAE is a model performance metric proposed by myself to address the problem that

MAPE values are not constant because of data fluctuations.

Local evaluation is used during the development phase to measure the performance of a set of

models and to select the best performing model.

3.6.1.2 Global Evaluation

Global evaluation starts by randomly generating ten timestamps for the cases and deaths fore-
casting respectively: the ten timestamps should cover different stages of each data after the first
lockdown (the data during the first lockdown will be used as the minimum length of training data).
These ten timestamps will be stored and will be referred to in the future when evaluating further

different models.

It then uses the ten different input data produced from the timestamps to perform the local
evaluation process described in Section ten times and record the outputs for each of the
three metrics, and then calculates the average of the ten outputs and generates three new metrics:
Average Mean Absolute Error(AMAE), Average Mean Absolute Percentage Error (AMAPE), and
Average Percentage Mean Absolute Error (APMAE). The calculation is shown in Equation ([3.14))-
; the process of global evaluation is shown in Figure

10
AMAE = “%AE@) (3.14)
10
AMAPE = &=L ]\{?PE ®) (3.15)
10
APMAE = ==L PMAE () (3.16)

10
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X generate perform X
10 x Timesteps > 10 x Input Data » 10 x Local Evaluation
v Y v
10 x MAE 10 x MAPE 10 x PMAE
)
Qan
v ! v
AMAE AMAPE APMAE

Figure 3.8: The process of global evaluation.

Due to the stochastic nature of the LSTM model and the usage of dropout layers, there is a range
of random variance in the model output each time. To address this issue, the above process will be

repeated five times and the median values will be chosen as the final outputs.

Global evaluation is used during both the development and deployment phases and is an improve-
ment on local evaluation in that it provides a more robust and accurate performance metric for the
model by covering different phases of the data and testing multiple times. AMAE value is used in
Section to calculate the Contributing Factor (CF) value; APMAE value is referred to as the
prediction error in Section

3.6.1.3 Contributing Factor (CF)

Contributing Factor (CF) is a feature importance metric proposed by myself to evaluate the
impact of a feature on a LSTM model. It uses a univariate LSTM model as the reference model
and a multivariate LSTM model with the feature to be evaluated as the target model, performs the
global evaluation process described in Section and obtains the AMAE values respectively,

and then performs the calculation shown in Equation [3.17]

_ AMAE (reference) — AMAE (target)

F
¢ AM AE (reference)

(3.17)

A positive CF value means that the feature will improve the prediction accuracy of the model,
otherwise it will reduce the accuracy; a higher absolute CF value means that the feature will have

a greater impact on the model performance, whether it is positive or negative.
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Contributing Factor is used during the development phase to measure the impact of different
features on the LSTM model performance and to select the features that will contribute the most

to improving the prediction accuracy.

3.6.1.4 Baseline Model

To further facilitate the evaluation of the different predictive models, a baseline model was imple-

mented. This model takes the last observed input data as its predicted value, as shown in Equation

B.18

Predicted (t) = Input Data [—1] (3.18)

The baseline model is used during the deployment phase.

3.6.2 Dashboard

In addition to using quantitative methods to evaluate the performance of the predictive models, 1
also used a questionnaire to evaluate the dashboard during its deployment phase. A group of partic-
ipants was recruited from both technical and non-technical backgrounds to complete a questionnaire

that encompassed two aspects of the system:

1. Information: how informative the system is. This set of questions is related to visualisa-
tion and presentation, participants were asked specific questions related to information and
the results were evaluated as to how accurately technical and non-technical audiences were

obtaining the correct information from the dashboard.

2. Usability: how usable the system is. This set of questions follows the criteria of the System
Usability Scale (SUS), developed by John Brooke in 1986]44], which has provided us with
a quick and valid tool to evaluate three aspects of a system: effectiveness, efficiency and

satisfaction[45].
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Development

This chapter presents the development and experiment process carried out according to the

methodology presented in Section [3] and provides a discussion of feature engineering.

4.1 Data Pre-processing

The implementation was based on Numpy and Pandas. Figure shows the original data
after pre-processing as described in Section Figure (4.2))-(4.3) show the additional features
data for cases and deaths forecasting after pre-processing as described in Section

Pre-processing: Differencing + Scaling
Cases Deaths
1200

1000

800
30000 500

Original

20000 400

10000 200

Differenced
8

06 06

04 04

02 02

Differenced + Scaled

00 00
100 200 300 400

°
°

50 100 150 200 250 300 350 400

Figure 4.1: Original data after pre-processing as described in Section
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Figure 4.2: Additional features data for cases forecasting after pre-processing as described in

Section @
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Figure 4.3: Additional features data for deaths forecasting after pre-processing as described in

Section @
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4.2 Forecasting

4.2.1 LSTM
4.2.1.1 Structure

The LSTM model was developed with TensorFlow|[48]. Figure shows a summary of the model
and it has the following structure:
e 2 LSTM layers with 128 and 64 units
e 2 Dropout layers with a dropout rate of 0.2

e 3 Dense (Fully Connected) layers with 128, 64 and 21 units

Laver (type) Output Shape Param #
Istm (LSTM) (None, None, 128) 68096
dropout (Dropout) (None, None, 128) 0
Istm 1 (LSTM) (None, 64) 49408
dropout 1 (Dropout) (None, 64) 0

dense (Dense) (None, 128) 8320
dense 1 (Dense) (None, 64) 8256
dense 2 (Dense) (None, 21) 1365

Total params: 135, 445
Trainable params: 135, 445
Non—trainable params: 0

Figure 4.4: A summary of the LSTM model.

4.2.1.2 Training

In line with Section [3.3.1] with Adam as the optimiser, MSE as the loss function, and Early
Stopping and Dropout as the regularisation methods, Figure 2 shows an example of the training

process of the LSTM model.

The training process was carried out on a NVIDIA GeForce GTX 1050 Graphics Card[49).
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Epoch 112: early
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Figure 4.5: An example of the training process of the LSTM model.

100

Features/ Cases Deaths
Metrics MAE | MAPE | PMAE* CF* MAE | MAPE | PMAE* CF*

Reference 3025 | 21.1% 6.3% 0 70 39.8% 6.0% 0
Time Series | 3278 | 19.8% 6.7% -8.4% 44 34.1% 3.8% 37.1%
Stringency | 2699 | 15.8% 5.7% 10.8% | 233 | 244.4% | 20.5% -232.9
Vaccination | 2740 | 14.4% 5.9% 9.4% 62 25.9% 5.4% 11.4%
Admissions | 3263 | 26.7% 7.0% -7.9% 88 79.5% 7.7% -25.7%
Tests 2752 | 16.4% 5.8% 9.0% 106 | 60.1% 9.6% -51.4%
Ventilators | 3701 | 24.2% 7.8% | -22.3% | 92 74.1% 8.1% -31.4%
RO 3662 | 20.0% 7.7% -21.1% | 359 |331.1% | 31.7% | -412.9%

Table 4.1: (LSTM) Experiment results for different features.

4.2.1.3 Feature Experiments

Using the global evaluation method as described in Section [3.6.1.2] I firstly used the univariate

LSTM model as the reference model, then tested over the seven different features for cases and

deaths models respectively. Table contains the experiment results, where the calculation of the

Contributing Factor (CF) value is described in Section [3.6.1.3

From the results, we can tell that:

1. The inclusion of Government Stringency, Vaccination, and Testing data improves the accuracy

of cases forecasting, while Historical Deaths data, Hospital Admissions, Ventilators and RO

reduce accuracy.

2. The inclusion of Historical Cases data and Vaccination data improves the accuracy of deaths

forecasting, while Government Stringency, Hospital Admissions, Testing, Ventilators and RO

reduce accuracy.
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3. Historical Cases data has the greatest positive impact on improving the accuracy of deaths

forecasting, while RO data can make the deaths forecasting the most inaccurate.

Therefore, the following features will be selected when constructing the LSTM model:

1. Cases Forecasting: Historical Cases Data, Government Stringency, Vaccination, Testing

2. Deaths Forecasting: Historical Deaths Data, Historical Cases Data, Vaccination

4.2.1.4 Discussion

The results of the Experiment [4.2.1.3] are overall expected, including:

1. Government measures and the number of tests are direct factors affecting the number of new

reported cases, so it will improve the accuracy of cases forecasting.

2. It is not surprising that the mass vaccination programme, which has been the dominant factor
in the reduction in the number of COVID-19 cases and deaths in the UK since January 2021,

will improve the accuracy of both cases and deaths forecasting.

3. Since COVID-19 deaths are directly transferred from confirmed cases and the number of in-
fections will decisively affect the number of deaths, it stands to reason that the historical cases

data will have the greatest positive impact in improving the accuracy of deaths forecasting.

However, one would expect the Hospital Admissions and Ventilators to contribute to deaths
forecasting and Reproduction rate (R0O) to contribute to cases forecasting. The following are some

potential reasons why those did not happen:

1. Admissions and Ventilators: If we go back to Figure we see that the graphs for
the hospital admissions and ventilators are almost identical to the graph for the deaths.
Alternatively, the time lag is not large enough for the model to learn the relationship between

them, and instead they become distracting factors.

2. Reproduction rate (RO0): This was the most surprising result. There may be two reasons
that reduce the accuracy of both models, including the rate of change in RO being too small
to be a learnable parameter and the changes in R0 taking too long to be reflected in changes

in cases and deaths data.



Development 38

ARIMA(p,d,q) | Cases | Deaths
Timestamp #1 | (1,1,1) | (2,2,1)
Timestamp #2 | (1,1,1) | (2,2,1)
Timestamp #3 | (1,1,1) | (2,2,1)
Timestamp #4 | (1,1,1) | (2,0,3)
Timestamp #5 | (0,2,2) | (2,0,3)
Timestamp #6 | (1,1,1) | (2,2,0)
Timestamp #7 | (1,1,1) | (1,1,2)
Timestamp #8 | (1,1,0) | (4,0,4)
Timestamp #9 | (1,1,0) | (4,0,5)
Timestamp #10 | (1,2,2) | (3,0,5)

Table 4.2: (ARIMA) Grid search results for (p,d,q) values.

Finally, it again demonstrates that the LSTM model is very sensitive to inputs, and that the
difference between having historical cases data and RO as a feature of the deaths forecasting can be

as large as 450%.

4.2.2 ARIMA

The ARIMA model was based on pmdarimal35]. In line with the methods described in Section
Table contains the grid search results for (p,d,q) values over the ten different timestamps

for cases and deaths forecasting with ARIMA model, where the ten timestamps are consistent to

the ones used in the global evaluation in Experiment [4.2.1.3
From the results, we can tell that:

1. Most d values for cases forecasting are one, which is consistent with the differencing order

used in the LSTM model for data pre-processing.
2. The p, d, q values for cases forecasting are more stable then the values for deaths forecasting.

3. The p and q values for deaths forecasting tend to be larger then the values for cases forecasting.

4.3 Visualisation

The visualisation was based on Plotly[36]. Figure (4.6)-(4.8) contain screenshots of some charts
developed with the visualisation strategies described in Section
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Figure 4.6: Screenshot of UK cases forecasting visualisation in line with Section
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4.4 Dashboard
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visualisation in line with Section

The dashboard was developed with Dash and was deployed on AWS Elastic Beanstalk.
Figure contains a screenshot of the UK page in the dashboard.
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Figure 4.9: Screenshot of UK page in the dashboard in line with Section




Chapter 5

Evaluation

This chapter presents the evaluation process during the deployment phase according to Section
including quantitative evaluation of time series forecasting and a questionnaire for assessing

dashboard information and usability.

5.1 Forecasting

For each of the following models, a global evaluation process is performed and the results are

recorded as described in Section [3.6.1.2} Baseline model, LSTM model, and ARIMA model.

5.1.1 Baseline Model

Figure ((5.1)-(5.2)) contain the global evaluation of baseline model for cases and deaths forecasting.

Baseline | Data: Cases | MAE(average): 4313 | MAPE(average): 0.255 | PMAE(average): 0.102
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Figure 5.1: Global evaluation of baseline model for cases forecasting in line with Section

41
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Baseline | Data: Deaths | MAE(average): 148 | MAPE(average): 0.510 | PMAE(average): 0.124
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Figure 5.2: Global evaluation of baseline model for deaths forecasting in line with Section |3.6.1.4
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5.1.2 LSTM Model

5.1.2.1 Univariate LSTM Model

Figure (|5.3)-(5.4]) contain the global evaluation of baseline model for cases and deaths forecasting.
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Figure 5.3: Global evaluation of univariate LSTM model for cases forecasting in line with Section

Data: Cases | Features(univariate): Cases |
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5.1.2.2 Multivariate LSTM Model

Figure ([5.5)-(5.6)) contain the global evaluation of multivariate LSTM model for cases and deaths

forecasting, where the model features are obtained from Experiment respectively.
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Figure 5.4: Global evaluation of univariate LSTM model for deaths forecasting in line with Section
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Figure 5.5: Global evaluation of multivariate LSTM model for cases forecasting in line with Section

5.1.3 ARIMA Model

Figure (5.7)-(5.8) contain the global evaluation of ARIMA model for cases and deaths forecasting.
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Figure 5.6: Global evaluation of multivariate LSTM model for deaths forecasting in line with

Section @
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Figure 5.7: Global evaluation of ARIMA model for cases forecasting in line with Section |3.3.2
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Figure 5.8: Global evaluation of ARIMA model for deaths forecasting in line with Section
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Models/ Cases Deaths
Metrics AMAE | AMAPE | APMAE* | AMAE | AMAPE | APMAE*
Baseline 4313 25.5% 10.4% 148 51.0% 12.4%
ARIMA 4299 18.2% 10.2% 111 46.2% 9.6%
LSTM (univariate) 3025 21.1% 6.3% 70 39.8% 6.0%
LSTM (multivariate) 2507 8.7% 5.7% 43 24.8% 3.8%

5.1.4 Results and Discussion

Table 5.1: Forecasting evaluation results for each model.

Table [5.1] shows the forecasting evaluation results for each model, and we can tell that:

1. Multivariate LSTM models performed the best in both cases and deaths forecasting, with

prediction errors of 5.7% and 3.8% or an accuracy of 94.3% and 96.2% respectively.

2. The models generally performed better in deaths forecasting than in cases forecasting.

3. In both cases and deaths forecasting, the models performed from the best to the worst:

multivariate LSTM model, univariate LSTM model, ARIMA model, Baseline model.

4. The difference between ARIMA model performance and LSTM performance is greater than

the difference between univariate and multivariate LSTM model performance.

Further information can be obtained by referring to the graphs:

1. LSTM models generally produce more accurate predictions as they progress, presumably

because in most cases they rely heavily on training data, and the more data that is input, the

better the model will be trained.

. The improvement of the multivariate LSTM model over the univariate LSTM model for cases
forecasting is that it ensures that the general trend is correct, whereas the improvement of
the multivariate LSTM model over the univariate LSTM model for deaths forecasting is that

it fits better and is more accurate.

. The ARIMA model performs well when the trend of the data is not significant, but performs
poorly when the trend of the model changes significantly, and this is where it falls short of
the LSTM model.

There are also two potential reasons why the LSTM models performed better in cases forecasting

than in deaths forecasting;:
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1. The deaths data from the first lockdown was highly volatile, with fluctuations comparable to
those in the second wave, and so provided effective learning samples for the model, whereas
the cases data was less volatile in the first lockdown, so the model did not learn enough

information.

2. The historical cases data had a more decisive impact on deaths forecasting, while the additional

features used for cases forecasting were not as influential.

5.2 Dashboard

As described in Section [3.6.2] a questionnaire with two sets of questions was used to assess the
dashboard from two aspects: information and usability. Fifteen participants were recruited to
complete the questionnaire, including five from non-technical backgrounds. Although this is not a
large sample size, according to Nielsen Norman Group[51], a sample of only five people can provide
enough insights, so the results of the questionnaire should be sufficiently valuable. The complete

questionnaire can be found in Appendix [A]

5.2.1 Information

The five questions in this section and the percentage of participants who answered them correctly

are as follows:

1. Based on the sidebar, what is the new COVID-19 cases in the UK as of 20 April 20217 (100%)

2. Based on the UK page, are the COVID-19 cases in the UK forecasted to be increasing or
decreasing? (100%)

3. Based on the UK page, what do you think is the major factor that contribute to the decrease
of COVID-19 cases in the UK from January 2021 to March 20217 (73%)

4. Based on the World page, is the growth rate of COVID-19 deaths in the United States now
getting slower or faster? (87%)

5. Based on the Map page, do Manchester or Liverpool have more cumulative COVID-19 cases
per 100k population? (87%)
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The first two questions were to assess the presentation of basic information, including the latest

figures in the UK and the model predictions, both of which were answered 100% correctly.

The third question was to assess the visualisation of the major events described in section
We can refer to Figure to understand this question. The third lockdown was annotated shortly
before turning point, so some may assume that this was the main factor for the decrease in COVID-
19 cases since January 2021, however, if we look at the whole graph we will see that there was
a delay between the imposition of the lockdown and the decrease in cases, and in this case the
mass vaccination programme was the main factor. 73% of participants answered it correctly, so the

visualisation of the major events also performed well.

Both of the last two questions were answered correctly by 87% of participants, which were also
very good results. These two questions assessed the visualisation of the World Overview and the UK
Maps according to Sections and Notably, in the fifth question the data for Manchester
and Liverpool were extremely close (9567.9 and 9717.5 respectively), but most participants were

unaffected, which also demonstrated the robustness of the dashboard.

The overall accuracy for these five questions is 89%, so it is fair to say that the dashboard

performed very well in presenting the information. Figure[5.9]shows the responses to each question.

1.0 Do you consider yourself to be technical or non-technical audience? (voluntar: . . . X
N 4 4 ¢ 4 1.1Based on the sidebar, what is the new COVID-19 cases in the UK as of 20 April 2021?
disclosure)
15 responses
15 responses

@ 2524
@33

® 4393307
@ 127307

@ Technical
@ Non-Technical

100%

1.2 Based on the UK page, are the COVID-19 cases in the UK forecasted to be increasing or
decreasing?

15 responses

1.3 Based on the UK page, what do you think is the major factor that contribute to the
decrease of COVID-19 cases in the UK from January 2021 to March 2021?

15 responses

@ Increasing
@ Decreasing

@ Third Lockdown
@ Mass Vaccination

100%

1.4 Based on the World page, is the growth rate of COVID-19 deaths in the United States now
getting slower or faster?

1.5 Based on the Map page, do Manchester or Liverpool have more cummulative COVID-19
cases per 100k population? (the map is interactive)
15 responses 15 responses

@ slower
@ Faster

@ Manchester
@ Liverpool

v

Figure 5.9: Responses to each information related question.
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5.2.2 Usability

The questions in this section followed the System Usability Scale (SUS) standard. It has 10
standard questions that measures the usability of a system in three aspects: effectiveness, efficiency
and satisfaction; each question will be answered using Likert scale (linear rating scale ranging from

1 representing “strong disagree” to 5 representing “strongly agree”). The SUS standard has proven

valid and eﬁective, and Figure shows the responses to each question.

2.11 think that | would like to use this system frequently. 2.2 | found the system unnecessarily complex.

15 responses 15 responses

8

8 (53.3%)

6 6 (40%)

4
5(33.3%)

2

0(0%) 0(0%) 0(0% 0/(0%
, ‘ i i
1 2 1 2 3 4 5
2.3 thought the system was easy to use. 2.4 | think that | would need the support of a technical person to be able to use this system.
15 responses 15 responses
100 100
9 (60%) 9 (60%)
75 75
50 6 (40%) oo
4(26.7%)
25 25
0(0%) 0(0%) 0(0%) B 0 (0%) 0(0%)
0.0 I | | 0.0 | |
1 2 3 1 2 3 4 5
2.5 1 found the various functions in this system were well integrated. 2.6 | thought there was too much inconsistency in this system.
15 responses 15 responses
100 8 8 (53.3%)
9 (60%)
75 6
5 (33.3%)
50 . 4
5(33.3%)
28 2 2(13.3%)
0(0% 0(0% 0/(0% 0/(0%
o (0%) (‘ ) 1.(6.7%) . (‘ ) (‘ )
1 2 3 4 5 1 2 3 4 5
2.7 1 would imagine that most people would learn to use this system very quickly. 2.8 | found the system very cumbersome to use.
15 responses 15 responses
100 15
9 (60%)
75 12 (80%)
50 6 (40%)
25
0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)
00 L | [ | I |
1 2 3 4 5 3 4 5

2.9 Ifelt very confident using the system. 2.10 I needed to learn a lot of things before | could get going with this system.

15 responses 15 responses

100 8
8 (53.3%)
9 (60%)
75 6
5o 6 (40%) .
25 2
0(0%) 0(0% 0(0% % 7 %
00 w w P i
0
1 2 3

3 4 5

Figure 5.10: Responses to each usability related question.

We can tell from the responses that most participants were satisfied with the system and found

it easy to use.
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SUS Score | Grade | Adjective Rating
>80.3 A Excellent
68-80.3 B Good
68 C OK
51-68 D Poor
<51 E Awful

Table 5.2: Interpretation of SUS scores[53].

There is also a quantitative measure to interpret the responses: the SUS Score[52], which can be

calculated as shown in Equation ({5.1))-(5.3]).

5

X = Z Points (Question(2xi—1)) — 5

i=1

5

Y =25- Z Points (Question(2 1))

=1

SUS Score = (X +Y)*2.5

(5.1)

(5.2)

(5.3)

The total score is 100 and each question is weighted 10 points. The rationale behind the calcula-

tion is intuitive: standardise the calculation scale for positive and negative questions, sum them up

and scale to 100. Based on a research|53], the SUS scores can be interpreted as shown in Table

The final SUS score (the average from all responses) for my dashboard is 84.9, while a score of

68 is the average and over 80.3 is considered excellent. Based on the results, it is fair to say that

the dashboard also performed very well in terms of usability.



Chapter 6

Conclusion

6.1 Summary of Achievements
Referring to the aims and objects set out in Chapter [I| here is a summary of the achievements:

1. An exploration of multivariate datasets for deep learning (LSTM) models and found that the
use of government stringency, vaccination and testing data improved the accuracy of COVID-
19 cases forecasting, while vaccination and historical cases data improved the accuracy of

COVID-19 deaths forecasting.

2. The implementation of the optimal multivariate LSTM and ARIMA models for COVID-19
cases and deaths forecasting in the UK and provided three-week forecasts with 95% confidence
intervals. The LSTM models outperformed the ARIMA models, with prediction accuracies of
94.3% and 96.2% for cases and deaths, respectively, compared to 89.8% and 90.4%.

3. Informative visualisation of UK COVID-19 cases and deaths data, with annotated key events
and model predictions, as well as map visualisation of COVID-19 cases and deaths per 100,000
population in different Upper Tier Local Authorities (UTLA), and a clear overview of the

trends in COVID-19 cases and death growth rates in different countries worldwide.

4. The integration of above contents in a dashboard which performed very well both in presenting
information and having good usability, with a SUS score of 84.9. The dashboard is deployed
on AWS and is publicly accessible at: https://covid-19.shangjielyu.com/

20
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6.2 Social Usefulness

The COVID-19 (forecasting) Dashboard has practical usefulness in our lives, including:

1. Governments: A medium-term forecast of COVID-19 cases can inform policy decisions,
such as lockdowns and various other measures; exploration of multivariate datasets can also

suggest what data to focus on when assessing the situation and developing strategies.

2. Healthcare Departments: By understanding the COVID-19 scenarios and trends, the

health sectors can arrange equipment and resources accordingly, thereby saving more lives.

3. Businesses: Being informed about where COVID-19 is heading means that businesses can
prepare accordingly in advance of possible government measures, such as managing inventory

and expenditure to reduce costs; it also means that economic recovery will be accelerated.

4. Individuals: Knowing about COVID-19 outbreaks locally, nationally and worldwide also has
various benefits for individuals, including making plans such as working from home or travel-

ling; it also means that the public awareness of the COVID-19 pandemic will be enhanced.

Furthermore, the detailed methodology can be easily transferable for future pandemics; to some
extent, this project has contributed directly or indirectly to Sustainable Development Goal (SDG)
3 (good health and well-being).

6.3 Limitations and Future Work

Although the project has overall achieved its aims and objectives, it has limitations:

1. The models are still not optimal and although I tested various features as input data, there
are other factors that were not fully tested or optimised, such as the hyperparameters of the

models, the length of the inputs and outputs, and the different variants of the models.
2. Only UK level forecasts are available, but not regional level forecasts as well.

3. Although users can select models on the dashboard, there are no model descriptions, which

can be difficult to understand for non-technical audiences.

Therefore, I would like to proceed with the following work in the future:
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1. As suggested in Section one potential reason why models performed better in deaths
forecasting than in cases forecasting is that the features used in deaths forecasting had a more
decisive impact on accuracy. I would like to explore more types of data and identify any other

features that could improve the accuracy of COVID-19 cases and deaths forecasting.

2. To further improve the performance of the LSTM models, I will focus on the three aspects:
optimising the hyperparameters using methods such as Bayesian optimisation, evaluating all
reasonable combinations of input and output lengths and identify the patterns, experimenting

with LSTM’s variants such as Bi-LSTM, ED-LSTM and Stacked LSTM.

3. Extend the forecasting data and methodology to also include forecasting for different regions

and potentially focus on Manchester to provide more of a city-level insights.

4. Provide a description of the forecasting methods in the dashboard, including the rationale for

the models and the types of data used, to make it more accessible.

6.4 Challenges and Adaptations

I have faced various challenges in this project, including:

1. Data Sources: As described in Section [2.1] unlike the vast majority of countries, the UK did
not publish COVID-19 recoveries data, thus largely limiting the viable options for modelling.

2. LSTM Model Engineering: As suggested in Section[3.2.1, LSTM models are input sensitive
and a lot of experiments had to be carried out before finding the suitable pre-processing
methods as described in Section these experiments did not provide feedback and with
a lack of prior domain knowledge of deep learning, the process was in a sense tedious and

pessimistic.

3. Dashboard: At the beginning I did not have any experience using the framework described

in section [4.4] and I had to learn everything from scratch.
I also had to adapt my approaches when facing obstacles:

1. Model Selection: I started out building various traditional supervised learning models using
Scikit-learn[54], as well as a time series-focused method called Prophet|55|, open-sourced by
Facebook, neither of which provided good results; I then conducted other experiments as well

before deciding to use LSTM and ARIMA models.
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2. Map Visualisation: According to section I first visualised the map using Kepler.gl[56],
Uber’s open sourced map visualisation tool, with promising results. Unfortunately, the map
could not be integrated into the dashboard due to some Python packages conflicts and I had
to restart the process and build the maps with Plotly (and learned how to do so). However,
the work produced with Kepler.gl was not just abandoned, it was proceeded with separately
and is available at: (COVID-19 Infections Map, with a screenshot attached in Appendix

https://covid-map.shangjielyu.com/

3. Deployment: The project was first deployed on Heroku[57], but Heroku only allowed pro-
grams that could be started within a 30 second run-time limit; as the project became larger,

I had to find alternative deployment methods and eventually opted for AWS.

6.5 Reflective Conclusions

In conclusion, this project has achieved its aims and objectives and I have proposed a roadmap

for the future work to overcome its limitations. And I would also like to share some other thoughts.

We are getting so used to the convenience offered by various predictive models and dashboards
that we may not even realise how incredible these efforts are. I have had some conversations with
the team behind the Public Health England’s Developers API, which was one of my main data
sources. At one point I couldn’t resolve a connection error with the API and raised an issue on
their official GitHub repository|58| to ask about it, and I received a reply shortly afterwards that it
was due to the high traffic and server limitations, especially in the South West England, but they

were planning to expand the server capacity.

This happened in the early stages of my project and I never had such problems later. It was
only then that I realised how valuable and important their work was. I would also like to use this

opportunity to express my gratitude to them, and to all the teams that are behind these projects.

This project has also enhanced my knowledge and understanding of how technology should be

applied to life and I will continue to make my contributions.


https://covid-map.shangjielyu.com/
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Appendix A

The Complete Questionnaire

1.1 Based on the sidebar, what is the new COVID-19 cases in the UK as of 20 April
20217 *

O 2524
O 33

O 4393307

QO 127307

1.2 Based on the UK page, are the COVID-19 cases in the UK forecasted to be
increasing or decreasing? *

O Increasing

O Decreasing

1.3 Based on the UK page, what do you think is the major factor that contribute to
the decrease of COVID-19 cases in the UK from January 2021 to March 2021? *

O Third Lockdown

O Mass Vaccination
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1.4 Based on the World page, is the growth rate of COVID-19 deaths in the United
States now getting slower or faster? *

O Slower
O Faster

1.5 Based on the Map page, do Manchester or Liverpool have more cummulative
COVID-19 cases per 100k population? (the map is interactive) *

O Manchester

O Liverpool

2.11 think that | would like to use this system frequently. *

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree

2.2 | found the system unnecessarily complex. *

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree

2.3 | thought the system was easy to use. *

Strongly Disagree O O O O O Strongly Agree

2.4 1 think that | would need the support of a technical person to be able to use
this system. *

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree
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2.5 | found the various functions in this system were well integrated. *

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree

2.6 | thought there was too much inconsistency in this system. *

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree

2.7  would imagine that most people would learn to use this system very quickly.

*

1 2 3 4 5

Strongly Disagree O O O O O Strongly Agree

2.8 | found the system very cumbersome to use. *

Strongly Disagree O O O O O Strongly Agree

2.9 | felt very confident using the system. *

Strongly Disagree O O O O O Strongly Agree

2.10 I needed to learn a lot of things before | could get going with this system. *

Strongly Disagree O O O O O Strongly Agree



Appendix B

COVID-19 Infections Map

IRELAND

Figure B.1: Screenshot of COVID-19 Infections Map as described in Section
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