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Preface

International Researchers Club (IRC) (www.irc.org.sg) was set up in 2001. The
vision of IRC is to create a vibrant and innovative research community for Singapore
and beyond, through contributions of technical specialties and occupational experi-
ences from its members, and fostering strong networking and social interactions of
expatriates and new citizens with the local community.

With the vision of IRC, it is our great pleasure to organize IRC conference on
Science, Engineering and Technology (IRC-SET, www.ircset.org) for the younger
talents and researchers. IRC-SET 2015 was the inaugural conference of IRC, and
IRC-SET 2021 is now in its seventh run. IRC-SET conference aims to provide a plat-
form for young and talented researchers to share their research findings, to obtain
comments and feedback from experts in the field and exchange innovative ideas of
leading-edge research in multi-disciplinary areas. Students from universities, junior
colleges, polytechnics and secondary schools are warmly welcomed to participate in
this conference to showcase and present their research projects, results and findings.
Unlike other academic conferences, this conference focuses specifically on Educa-
tion and Youth development and has officially been given technically sponsorship
from six universities, namely National University of Singapore (NUS), Nanyang
Technological University (NTU), Singapore University of Technology and Design
(SUTD), Singapore Management University (SMU), Singapore Institute of Tech-
nology (SIT) and Newcastle University, Singapore. IRC-SET 2021 conference is
also supported by IEEE Intelligent Transportation Systems Society (ITSS) Singa-
pore Chapter, IEEE Broadcast Technology Society (BTS) Singapore Chapter and
IEEE Singapore Section Women in Engineering (WIE) Affinity Group.

The program of IRC-SET 2021 advocates the importance of innovative technology
backed by the strong foundation of science and engineering education. Exposing our
young participants to the key technology enablers will encourage more interest into
the fields of science, engineering and technology. To select good quality papers, the
IRC-SET 2021 Call for Papers was broadcasted to universities, junior colleges, poly-
technics and secondary schools. The students then submit their technical papers to
the conference online system. To meet the criteria of the conference, the submitted
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X Preface

papers (which have to follow the required template) were peer reviewed by the confer-
ence technical program committee, which comprises a few reviewers coming from
the IRC researchers, professors, lecturers and teachers. Comments and recommenda-
tions based on novelty of the work, scientific, engineering and technology relevance,
technical treatment plausible and clarity in writing, tables, graphs and illustrations
were then provided back to the students. Through this rigorous review, the technical
program committee has selected these papers to be presented in the IRC-SET 2021
conference, which are now published in this proceeding.

IRC-SET 2021 Conference was held online and consists of Opening Speeches
by Prof. Tit Meng LIM (Chief Executive of Singapore Science Centre) and Prof.
Robert H. Deng (Deputy Dean for Faculty and Research, Singapore Management
University), Keynote Speech by Prof. Sir John O’REILLY (Chairman of A*STAR
Science and Engineering Research Council) and nine parallel presentation sessions.
The nine presentation sessions cover the key focus areas which include physics,
chemical engineering, biomedical science, ITSS session, BTS session, WIE session,
mechanical engineering, computer engineering and life sciences. In the closing cere-
mony, Prof. Robert H. Deng (General Chair), announced the winners of best paper
awards and best presenter awards. Last but not least, Dr. Huaqun Guo (President,
IRC) concluded the conference with a closing speech and also gave an introduction
to the International Researchers Club.

This proceeding is dedicated to International Researchers Club and its members.

Singapore Huaqun Guo
November 2021 Hongliang Ren
Victor Wang

Eyasu Getahun Chekole

Umayal Lakshmanan
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Chapter 1 )
Spinal Muscular Atrophy: Evaluation oo
of New Emerging Methods for Carrier
Screening and Diagnosis

Sim Joylynn, Jinghan Xie, Tan Grace Li Xuan, Liu Chun Ping,
and Lai Poh San

Abstract Spinal muscular atrophy (SMA) is the most common genetic cause of
infant mortality. Homozygous deletion of Survival Motor Neuron (SMN) 1 causes the
disease in 95% of cases, but severity varies with the copy number of SMN2. The nearly
identical sequences of the SMN genes make differentiation between them difficult,
and current methodologies such as multiplex ligation-dependent probe amplifica-
tion (MLPA) and real-time PCR (RT-PCR) present limitations for diagnosis. In this
report, we analyse SMA samples of known copy number to compare new emerging
technologies (Linked-Reads, Cytoscan array and next generation sequencing) against
MLPA. MLPA analysis was the only method able to report the known copy numbers
of the samples, making it still the most reliable means of SMA carrier screening and
diagnosis. However, the three new methodologies are still emerging technologies for
routine diagnostics compared to MLPA, and with further optimisation, they could
greatly improve SMA carrier screening and diagnosis.

Keywords Spinal muscular atrophy (SMA) - SMNI1 - SMN2 - Linked-Reads -
Cytoscan (CYT) array - Whole genome sequencing (WGS) + Multiplex
ligation-dependent probe amplification (MLPA)

1.1 Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disease
with an annual incidence of about 1 in 6000 to 1 in 10,000 live births, and the
carrier frequency is as high as 1 in 40 [1]. 95% of SMA patients are homozygous for

Sim J. - J. Xie ()
Raffles Institution, Bishan, Singapore
e-mail: 21 YXIEJ710B @alumni.ri.edu.sg

Sim J.
e-mail: 21 YSIMJ160E @alumni.ri.edu.sg

TanG.L. X.-LiuC.P.- Lai P. S.
Department of Paediatrics, Yong Loo Lin School of Medicine, National University of Singapore,
Queenstown, Singapore

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 1
H. Guo et al. (eds.), IRC-SET 2021, https://doi.org/10.1007/978-981-16-9869-9 _1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-9869-9_1&domain=pdf
mailto:21YXIEJ710B@alumni.ri.edu.sg
mailto:21YSIMJ160E@alumni.ri.edu.sg
https://doi.org/10.1007/978-981-16-9869-9_1

2 Sim J. et al.

SMNI1 deletion. SMN2 partially compensates for SMNI loss, lowering the severity
of SMA. However, when two SMNI genes are carried in cis, this results in a silent
carrier (i.e. a carrier that does not express the SfMA phenotype) [2, 3]. Further
complicating diagnosis, SMNI and SMN?2 are nearly identical inversions [4], differing
by only five base pairs: c.835—45G>A, ¢.840C>T, ¢.*3+100A>G, c.*3+214A>G and
¢.*248 A>G [5]. Therefore, there is a need to (1) differentiate between SMNI and
SMN2, (2) call copy number (CN) of SMNI and SMN2 and (3) determine the phase
of SMNI and SMN2 for SMA clinical classification, prognosis, carrier identification
and diagnosis [6]. Current methodologies such as multiplex ligation-dependent probe
amplification (MLPA) and real-time PCR (RT-PCR) present some limitations. MLPA
is unable to determine the phase of SMNI and SMN2, resulting in the inability to
identify silent carriers with 2 SMNI on one chromosome but none on the other, and
hence, false negative results in silent carriers. SMN genes are unevenly amplified in
RT-PCR, which leads to inaccurate results. Therefore, in order to overcome these
limitations, we evaluated new emerging methods—Linked-Reads, Cytoscan (CYT)
array and whole genome sequencing (WGS)—against MLPA, the most commonly
used method for carrier screening and diagnosis for SMA, by their ability to: 1.
differentiate between SMNI and SMN2, 2. determine the CN of SMNI and SMN2, 3.
locate structural variants in SMNI and SMN2 and 4. phase alleles.

1.1.1 Hpypothesis

We hypothesise that Linked-Reads, CYT array and WGS can overcome the limita-
tions of current methods in determining patient or carrier status by differentiating
between the two almost identical SMN genes, as well as calling CN in trans.

1.2 Methods

1.2.1 Sample Information

A total of six anonymised data sets from SMA patients with known SMNI and
SMN2 CN were provided by the National University of Singapore, Department of
Paediatrics.

1.2.2 Technologies

1. Linked-Reads
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DNA was sheared and put through size selection. The ChromiumTM system was then
used for automated barcoded library construction. The barcoded libraries were then
sequenced using [llumina Whole Exome Sequencing (WES). The data obtained was
visualised on Loupe, a genome browser by 10x Chromium Platform designed for
visualisation of Linked-Reads data [7]. The BAM file obtained was also visualised
on Integrative Genome Browser (IGV).

2. CYT Array

Gene probes were deposited on a chip. cDNA, labelled with either green or red
fluorescence, was generated from mRNA extracted. cDNA complementary base pairs
with probes on the chip were analysed by fluorescence emission. The data obtained
was visualised on Chromosome Analysis Suite (ChAS). Manual guides provided by
Thermo Fisher Scientific Inc. were used in aiding the usage of software [8].

3. WGS

Patient DNA was sequenced through whole genome sequencing (WGS) at 40x read
depth. The BAM data obtained was visualised on IGV. User guides provided by the
Broad Institute (2018) were used in aiding the usage of software. Genome Reference
Consortium Human Build 37 (hg19) was used as reference for WGS samples.

4. MLPA

DNA strands were denatured to separate the strands and hybridised with probes. The
right probe oligo contains a stuffer sequence which is used to identify DNA pieces.
The DNA was then amplified through PCR. MLPA amplicons are separated by length
using capillary electrophoresis [9]. The measured fluorescence was visualised as a
peak pattern and used to quantify each probe. CN was determined using probe ratio.

5. CN calling using SMN/mean read depth ratio

The ¢.840C>T site on exon 7 is the critical difference between SMNI and SMN2.
Additionally, we were provided with the read depths of SMNI and SMN2 exons 7
and 8 for each of our samples. Thus, using protocols modified from [10, 11], we
determined the CN for our Linked-Reads and WGS samples by comparing the read
depth of SMNI and SMN2 exons 7 and 8 against each sample’s overall mean read
depth using the following formula.

Read depth of exon

C ber =
Opy number Mean read depth of sample %
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1.3 Results

1.3.1 Linked-Reads

Linked-Reads sequencing generates reads with an integrated barcode which traces
the reads back to the original DNA molecule [12]. This allowed the reads to be
mapped to the SMNI and SMN2 genes, as shown from the read coverage in Fig. 1.1.
The coverage of the ¢.840C site on SMN and c.840T site on SMN2 was also verified
on IGV, confirming that Linked-Reads was able to differentiate between the SMN
genes.

Structural variants (SVs) can be detected through calls and candidates recognised
by Linked-Reads, where calls meet the higher-quality call threshold than candidates
and occur in unambiguous regions of the reference genome. However, no SVs were
called by Linked-Reads in our samples. A deletion of exon 7 in SMN1 was observed
in Sample 300,099 when viewing the reads in IGV, corresponding to the known
SMNI CN of 0.

CN was also calculated by comparing the read depths of exons 7 and 8 in SMNI
and SMN2 against each sample’s mean read depth. As seen in Table 1.1, there are
discrepancies between the calculated and known CN, indicating that observed read
depths underestimate the actual CN. This discrepancy could be due to difficulties
in sequencing for the following reasons: 1. SMNI and SMNZ2 genes are part of a
500 kb highly repetitive inverted duplication on chromosome 5, making it difficult
to determine the organisation of this genomic region [13]; 2. high GC level of 54%
in SMNI and SMN2 [14], leading to a poor coverage of reads and less complete

1a

Haplotypes track

SMN2

Genestrack = [ ] o

Coverage track

1b G track 1c
r enes rac - = Genes track
Coverage track Coverage track

Fig. 1.1 a SMN1I and SMN2 on sample 300,097. b, ¢ SMN2 (left), SMN1 (right). Green bar in the
coverage track indicates read depth for the region. Genes and their exons are identified and labelled
in the genes track
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Table 1.1. CN call for SMNI and SMN2 exons 7 and 8 of samples 300,097-99

Calculated CN Known CN
Sample SMNI1 SMN2 SMNI SMN2

exon7 |exon8 |exon7 |exon8 |exon7 |exon8 |exon7 |exon8
300,097 |1 1 0 0 2 2 1 1
300,098 |1 2 0 1 2 2 2 2
300,099 |0 1 1 1 0 0 3 2

assembly; 3. low input DNA mass of 0.4—0.5 ng, which was below the recommended
range of 1-3 ng, affecting the performance of sequencing.

Linked-Reads is able to phase alleles by assembling long reads from short reads,
creating a phase block by utilising continuous reliable heterozygous variants (phasing
quality > 23) to connect the reads [15]. However, in this analysis, reads in SMNI,
SMN2 and their flanking regions in samples 300,097-30,099 were not assigned to
either haplotype as there were insufficient single-nucleotide variants (SNVs) [15]
present in our samples that were informative for Long Ranger to determine phase
blocks.

1.3.2 CYT Array

Both SMN genes are labelled as SMN1 and SMN2 simultaneously by ChAS (Fig. 1.2),
showing that ChAS is unable to differentiate between SMNI and SMN?2.

Mean weighted Log2 ratio and smooth signal values were calculated by ChAS
and used to determine the CN. Log2 ratio indicates gain or loss in genetic material,
with a ratio of 0 indicating a CN of 2. The Log2 ratios of SMNI and SMN2 in CYT34
and CYT221 are close to 0, indicating that CN for both genes in both samples is
2. Smooth signal is a smoothed calibrated estimate which can represent non-integer
CN. It uses the Gaussian function to reduce noise within the array, thus allowing for
amore accurate CN to be determined. The smooth signal values of SMNI and SMN2
in CYT34 and CYT221 are also close to 2, corroborating the Log?2 ratio calculated
CN of both samples. However, there is a discrepancy between the calculated and
the known CN (Table 1.2), as Cytoscan is unable to differentiate between highly

2 SMNT labelled as both -
laballed as both SMNT SMNT and SMNZ { He
and SMN2

Fig. 1.2 SMNI and SMN2 annotation in ChAS
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Table 1.2. Mean weighted Log2 ratio, smooth signal values, calculated and known CN of samples
CYT34 and CYT221

Sample/gene Data type Mean Calculated CN Known CN
CYT34/SMN1 Weighted Log2 ratio —0.03 2 2
Smooth signal 1.969 24
CYT34/SMN2 Weighted Log?2 ratio —0.051 2 1
Smooth signal 1.942 22
CYT221/SMN1 Weighted Log2 ratio 0.159 2 1
Smooth signal 2.398 24
CYT221/SMN2 Weighted Log2 ratio 0.191 2 3
Smooth signal 2.402 22

4 value rounded down to whole number

homologous regions such as SMNI and SMN2 [15].

1.3.3 WGS

WGS was able to identify the SMNI and SMN2 genes, as indicated by the presence
of reads in these regions. Reads that align with the reference sequence are displayed
in grey. However, WGS was not able to differentiate between the two genes well.
Out of the five base pair differences in the SMN2 genes, a misalignment of SMN/
reads to SMN2 was observed in four of these regions in sample NGS-1108 (Fig. 1.3).
Critically, at the crucial c.840 site, no reads were observed in SMN, but reads were
mapped to C (24 reads) and T (17 reads), respectively, in SMN2 (Fig. 1.3). This
misalignment reflects WGS’s inability to distinguish between homologous regions
such as the SMN genes [16] (Table 1.3).

1.3.4 MLPA

SMN1 and SMN2 genes were identified and differentiated by MLPA (Table 1.4) using
probes specific to SMNI and SMN2 exons 7 and 8. CNs were deduced from probe
ratios provided by the manufacturer [9]. Sample O221 had a single copy of SMNI
exon 7 and exon 8 and is, therefore, a carrier of SMA. Sample O34 was detected to
have two copies of SMNI, which indicates that the patient is unaffected. However,
this is only true when the SMNI genes occur in trans. As MLPA does not phase
alleles, it cannot confirm that O34 is not a silent carrier. Sample O34 has two copies
of SMN2 exon 7, but only one copy of SMN2 exon 8. This indicates a deletion of
SMN?2 exon 8§ in sample O34. Hence, the second copy of SMN2 is not a full functional



1 Spinal Muscular Atrophy ... 7

a o » wil qia cl‘! ul! QIE QIE lli 5i! SE !“ 35 .I!S ul’ QI‘E .H lia liﬁ
b
L PIEE T TR e vy LT sty LERCIT
1 L i 1 L L L 1 | | 1 L Il
noum

Total count: 0

A RS S, —
s 70247773 I
A
—_—
ate _—
L ]

jZ=0on

=

CTTCCTTTATTTTCCTTACAGGGTYT TTOQAGACAAAATCAAAAAGAAGGAAGGTGECTCACATTCCTT

chri 69172050
Total count 41

24 (5%, 164, 8- |

T AT 41N e, 01}
LR

Fig. 1.3 a c.840C on SMNI of sample NGS-1108. No reads were observed. b ¢.840T on SMN2
of sample NGS-1108. Bar is coloured in proportion to the read count of each base. Cytosine is in
blue, and thymine is in red
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Table 1.3. CN call for SMNI and SMN2 exons 7 and 8 of sample NGS-1108

Calculated CN Known CN

SMNI SMN2 SMNI1 SMN2

exon 7 exon 8 exon 7 exon 8 exon 7 exon 8 exon 7 exon 8
0 1 0 1 2 2 1 1

Table 1.4. Determined CN from probe ratio, in comparison with known CN for sample O34

034 0221
Gene/exon | Probe ratio | Calculated | Known CN | Probe ratio | Calculated | Known CN
number CN CN
SMN1 exon |0.75 2 2 0.66 1 1
7
SMN1 exon |0.89 2 2 0.61 1 1
8
SMN?2 exon |0.76 2 2 2.49 5 5
7
SMN?2 exon |0.44 1 1 1.97 4 4
8

gene. MLPA can be considered a reliable tool for determining CN, as the obtained
CN was consistent with the known CN (Table 1.4).

1.3.5 Comparison of Linked-Reads, CYT Array and WGS
with MLPA

These newly emerging methods—Linked-Reads, CYT array and WGS—were
compared against MLPA. Linked-Reads is capable of differentiating between the
highly homologous SMNI and SMN2 genes, a critical factor which measures up to
MLPA and sets it apart from CYT array and WGS. Linked-Reads identification of
molecules is more reliable than CYT array as it uses different “identification codes”
for each molecule [12], whereas CYT array uses microarray analysis, which utilises
probes [17] that are similar for the highly homologous SMNI and SMN2 genes. This
is also adrawback of WGS as reads from SMN/ may misalign to a highly homologous
SMN?2 gene during sequence assembly due to short read length.

In this analysis, we used a simple method of estimating CN using Linked-Reads
and WGS data by comparing the read depths of SMN exons 7 and 8 to each sample’s
mean read depth, due to the lack of access to sophisticated computational pipelines
or software (such as those described by [18]) for determining CN. Our method gives
an approximate estimation which would have to be confirmed either computationally
or through wet experiments. Nevertheless, as we expect CN to be either in terms of
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deletion or between two to four, the exact value of the increased read depth can be
rounded off. While Linked-Reads was able to detect a deletion of exon 7 in SMNI
corresponding to sample 300,099’s SMN1 CN of 0, the CNs of SMNI and SMN2
could not be accurately determined using Linked-Reads and WGS data, unlike in
MLPA.

Due to the lack of heterozygous SNVs in close proximity within SMN regions,
Linked-Reads was not able to determine the haplotype of SMNI and SMN?2 in our
samples, which is important for identifying silent carriers of SMA. However, if there
were adequate heterozygous SNVs in SMN regions, Linked-Reads would be able to
determine phase blocks and resolve haplotypes [19], giving it a huge advantage over
the other three methods.

1.4 Conclusion

Considering Linked-Reads’ ability to differentiate between SMNI and SMN2 genes,
identify SNPs, and its potential ability to identify SVs and phase alleles to determine
haplotypes, Linked-Reads can be viewed as a possible tool for carrier screening and
diagnosis as it presents the ability to overcome limitations of MLPA and RT-PCR,
which is the inability to phase SMNI and SMN2 and uneven amplification of genes,
respectively. Although Linked-Reads and WGS were not able to call SMN gene CNs
accurately in this analysis, further work can be done to optimise the technology to
be up to par with MLPA’s ability to call CN. To overcome the limitation of low read
depth, normalisation of read counts can be done to account for GC bias [19], and
DNA input mass can be increased to 1 ng per library [20].
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Chapter 2 ®)
Traffic Strategy for Mixed Traffic oo
in Container Terminals

Si Han Ng, Reuben Ong, and Chenhao Zhou

Abstract Over the past decade, autonomous vehicles have moved from the realms
of science fiction into the real world. Container terminals have much to gain from
adopting autonomous vehicles, such as increased safety and productivity. This has
led to many ports around the world jumping on the bandwagon to tap their immense
potential and sharpen their competitiveness. However, there remains an inevitable
transitional period where both manually driven and autonomous trucks have to
coexist. There is an urgent need to model mixed traffic in a container terminal envi-
ronment, which consists of unsignalized intersections. Yet much of existing litera-
ture has only explored mixed traffic on highways and signalized intersections. We
cannot directly apply these traffic strategies in container terminals, due to differing
levels of network complexity. Here, we propose our traffic management protocol
which uses a novel combination of turning policies and reserved lanes to manage
mixed traffic. Turning policies limit the available turning options depending on the
lane a vehicle is on, while reserved lanes segregate vehicles by type. This is a unique
approach to manipulate vehicle trajectories, as efforts have traditionally been focused
on autonomous vehicle control algorithms. We simulated two variants of unsignalized
intersections found in Pasir Panjang Terminal, Singapore, using professional civil
engineering software. Our microscopic simulation models show that our protocol
offers up to a 35% reduction in travel time compared to the control, depending on
intersection type, percentage of automated trucks and traffic volume. Our protocol
is highly adaptable to different traffic conditions, enabling us to develop effective
solutions for the dynamic conditions faced by container terminals throughout the
transition period. This will help ensure Singapore’s ports can fully capitalize on the
benefits of automation to cope with the ever-increasing exponential demand of the
global economy.
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2.1 Introduction

The Port of Singapore is the world’s second busiest, moving 37.2 million twenty-
foot equivalent units a year as of 2019 [1]. The maritime industry is a key pillar
of Singapore’s economy, accounting for 7% of GDP and housing 170,000 jobs [2].
However, there loom new challenges on the horizon. While global freight demand
is projected to triple by 2050, according to the International Transport Forum, not
all of this growth would be spread around equally [3]. Competition is intensifying in
the region, with rival ports eyeing bigger slices of the pie.

Singapore is unable to compete simply on price with other ports in the region,
due to high operating costs resulting from labour scarcity and the strong Singapore
dollar. Instead, Singapore needs to continually invest in technology and innovation
to enhance competitiveness, notably automation. With careful planning and manage-
ment, ports that adopt automation could see operating expenses fall by 25-55%, and
productivity rises by 10-35% [4]. The future Tuas Mega Port is set to have large-
scale deployments of automated guided vehicles (AGVs), as well as automated yard
and quay cranes, remotely operated from a control centre [5]. This paper will mainly
focus on autonomous trucks (AVs) which require no special infrastructure, unlike
AGVs.

However, there will inevitably be a transitional phase where AVs have to coexist
with traditional human-driven trucks, hence the necessity in modelling mixed traffic
flow. Many attempts of modelling mixed traffic flow have been set on highways,
where the technology requirements for autonomous vehicles are relatively low in
comparison with local arterials [6, 7]. Various other studies have attempted to model
signalized intersections. However, no previous study has been done to model mixed
traffic flow in unsignalized intersections, where network performance is more depen-
dent on the driver’s awareness, experience and aggressiveness [8]. Furthermore, the
characteristics of trucks, such as size and acceleration/deceleration, differ signif-
icantly from cars, which are used in much of existing research. Thus, it remains
unclear whether existing strategies developed for mixed traffic flow in cities work in
the port environment.

In our project, we propose and examine a protocol to control intersections within
Pasir Panjang Terminal, Singapore. Our protocol assigns each lane with allowed
turns, as well as implements reserved lanes for AVs. We use microscopic traffic
simulation software PTV Vissim to design unsignalized intersections found in the
container terminal and record the average travel time of vehicles within the network.
We then use statistical tests to analyse the obtained data and determine which imple-
mentations of our protocol are effective in minimizing travel time for varying AV
penetration rates and traffic volumes.
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2.2 Methodology

2.2.1 Design of Protocol

Our protocol allows us to control and limit the trajectories of vehicles passing through
the intersection. This enables AVs to predict the trajectory of other vehicles through
the intersection based on the lane they are on, preventing unnecessary waiting if
the AV knows that the oncoming vehicle from another road will not cross into their
planned route. However, this restriction may result in additional delay in the network,
as vehicles may have to change lanes to follow our protocol. We seek to balance these
factors and find the optimal implementation.

The first component of our protocol is the turning policy, as presented in Fig. 2.1
with reference to Sharon and Stone [9]. The vehicles can only move according to the
lane arrows, e.g. vehicles on a lane with a left-pointing arrow can only turn left at
the intersection. The turning policies differ in terms of the number of turning options
available. This has been reflected in their numbering, with a larger number indicating
more turning options. A turning policy combination for an intersection consists of
one for the North—South and another for the East—West Road, in that order, e.g. 1a2a.

This list is non-exhaustive and was designed with the distribution of turning ratios
in mind, which we will discuss later. We also generally avoided turning policies where
the turning options on one lane intersect with that of another lane on the same road,
such as turning policy 4. In real-world scenarios, such a turning policy would be
unsafe in a road network consisting of human drivers. It remains to be seen if it could
be beneficial when AVs also ply the roads.

The second component of our protocol is an AV-only reserved lane as presented
in Fig. 2.2. Vehicles can only utilize various lanes based on their type, with AVs

6-by-3 intersection

4-by-3 intersection
¥ Vehicle on this lane can only turn left!

East-West Road
‘ * ! -
4

Morth-5outh Road

|
|
[i] la
|
|

1b 2

4

-

Fig. 2.1 Turning policies for North—South and East—West roads for 4-by-3 and 6-by-3 intersection
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6-by-3
intersection

4-by-3
intersection

The green area is
reserved for AVs

Fig. 2.2 Positioning of reserved lanes, highlighted in green, on 4-by-3 intersection (left) and 6-by-3
intersection (right)

only being able to utilize the green lanes, while human-driven trucks can use only
the black lanes. The exception is within the intersection, with vehicles able to move
across it freely. We contrast this with the base case where there is no restriction on
which lane to use. The reserved lane is positioned to minimize the amount of lane
changing required for AVs as they approach the intersection.

2.2.2 Simulation Software and Intersection Design

PTV Vissim software [10] is used as the simulation environment. It is one of the most
popular microscopic traffic simulation software due to its user-friendly interface
and adequate realism. PTV Vissim also offers the necessary features to simulate
autonomous vehicles.

As presented in Figs. 2.1 and 2.2, we designed two variants of unsignalized four-
way intersections located in Pasir Panjang Terminal, Singapore. For the 4-by-3 inter-
section, the North—South road is bidirectional with two lanes each way, while the
6-by-3 intersection has three lanes each way. Both intersections have a three-lane
unidirectional road from East to West. During the design process, satellite images of
the intersections were referenced.

The distribution of turning ratios for vehicles is presented in Table 2.1. The speed
limit of the network is set at 30 km/h per the Maritime and Port Authority of Singa-
pore. We prioritized traffic flow on the East-West road, as such all traffic on the
North—South road must give way to that on the East—West road, regardless of vehicle
type. This contrasts with the First Come First Serve policy as introduced by Dresner

Table 2.1 Turning ratios of

vehicles depending on origin, Origin Turning ratio

regardless of vehicle type Left Straight Right
East 0.3 0.4 0.3
North - 0.75 0.25
South 0.25 0.75 -
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and Stone [11], but it is done to ensure that intersections remain a familiar and thus
safer environment for human drivers. Neither AVs nor human-driven trucks have
priority over the other.

2.2.3 Modelling of Vehicle Behaviour

We need to model the different driving characteristics of AVs compared to human-
driven trucks. This study made use of some of the recommended and predefined
settings from the CoEXist project [12] while making other modifications as deemed
fit. We implemented the all-knowing driving logic for AVs, which assumes the vehicle
has profound awareness and predictive capabilities, and enhanced cooperative driving
behaviour with smaller headway. For the human-driven trucks, we used the predefined
driving logic for heavy goods vehicles (HGVs).

Another difference between trucks would be the acceleration, deceleration and
desired speed distribution. Human-driven trucks behave stochastically, due to the
randomness of human driving behaviour. However, AVs behave deterministically,
using predetermined profiles and moving at the desired speed without variation. As
exact data is unavailable, we utilized the presets for HGVs, modifying them to fit
the aforementioned requirements. For the desired speed, we set the variation as +
5 km/h and 0 km/h for human-driven trucks and AVs, respectively. Finally, we made
use of the HGV’s 2D model to model both AVs and human-driven trucks, as they
were good representations of their dimensions [13].

2.2.4 Evaluation Measurement

We first determined the approximate timing where the network achieves a steady state
from start-up, by plotting a graph of travel time against simulation time for various
simulations. This will allow us to determine when to commence data collection.
Following this, we ran 30 simulation runs, with arandomly selected starting seed and
increment, for each of the various implementations of our protocol. To investigate
the effectiveness of our protocol, we recorded the average travel time of vehicles
to traverse the intersection and conducted the relevant statistical analysis. We also
simulated for different AV penetration rates, i.e. the proportion of vehicles that are
AVs, of 20, 50 and 80%, as well as the traffic volume, at 600, 1000 and 1400 vehicles
per hour per road.
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Fig. 2.3 Graph of travel time (s) against simulation time (s) for vehicles within the network.
Presented are the best and worst-case scenarios in terms of time required to achieve steady state

2.3 Results

2.3.1 Determination of Steady State

We selected 56 implementations of our protocol for investigation. Using the data
from various preliminary simulations, we plotted the graph of travel time against
simulation time for vehicles within the network, as presented in Fig. 2.3. Depending
on the volume of traffic, the graph plateaus within the range of 60—100 simulation
seconds. This indicates that the network has achieved a steady state, and data collec-
tion can commence. For the sake of convenience, we set the warm-up period as 100
simulation seconds for all simulations. We do not collect any data before 100 simula-
tion seconds are reached, as the simulation is not representative during the warm-up
period.

2.3.2 Effect of AV-Only Reserved Lanes

To examine the effect of AV-only reserved lanes on travel time, we compare imple-
mentations of our protocol where the difference lies only in the presence of these
reserved lanes. Selected results are presented in the boxplots of Fig. 2.4, for varying
AV penetration rates and traffic volumes.

Subsequently, we need to perform statistical tests to check for significant differ-
ences in mean travel times. We conducted a one-sided two-sample #-test [14], as
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we wish to test the statistical significance in one and not both directions of interest.
In other words, we are interested if the implementation of AV-only reserved lanes
reduces or increases the mean travel time of the network. This is defined as the
alternative hypothesis H1, with the null hypothesis HO being there is no significant
difference in mean travel time. For our paper, we use a significance level of 0.05. The
calculated p-values can be found in Fig. 2.4 as well, rounded to 3 decimal places.

For low traffic densities of 600 vehicles/h/road, the boxplots suggest that AV-only
reserved lanes increase mean travel time over networks without these lanes. We test
H1: AV-only reserved lanes increase mean travel time, and obtain a p-value of 0.000,
which is less than 0.05. Hence, we reject HO in favour of H1 and conclude there
is sufficient evidence to suggest this result is statistically significant. Meanwhile,
for higher traffic densities of 1000 and 1400 vehicles/h/road, the boxplots suggest
that AV-only reserved lanes decrease mean travel time, particularly at higher AV
penetration rates. We test H1: AV-only reserved lanes decrease mean travel time.
This time, we only obtain a statistically significant result (p-value less than 0.05) for
higher AV penetration rates. Such a trend is observed for both 4-by-3 and 6-by-3
intersections.

2.3.3 Effect of Turning Policies

We adopt a similar approach to investigate the effect of turning policy on travel time.
Within the same intersection type, AV penetration rate and traffic volume, we examine
various turning policies. Selected results are presented in boxplots of Fig. 2.5.

In this case, we must use a different statistical test, as the z-test is limited to
comparing two samples. We thus conduct an analysis of variance test (ANOVA)
[15] to determine if there is a statistically significant difference in mean travel times
between turning policies. The calculated p-values can be found in Fig. 2.5, rounded
to 3 decimal places. It is important to note that ANOVA is an omnibus test and can
only tell us if there are at least two significantly different groups. It cannot tell us
which groups and how. Thus, we follow up ANOVA with Hsu’s multiple comparisons
with the best (Hsu’s MCB), a post hoc test [16], to determine which turning policy
produces the lowest mean travel time.

For the 4-by-3 intersection with a low traffic density of 600 vehicles/h/road, we
obtain a p-value of 0.181, greater than 0.05. Hence from ANOVA, we conclude there
is insufficient evidence to suggest that turning policy affects the mean travel time of
the network. At higher traffic densities, however, the p-value for ANOVA is less than
0.05, and Hsu’s MCB reveals that turning policy 1a2a is most effective. Meanwhile,
for the 6-by-3 intersection, turning policy 1a0 generally results in the lowest mean
travel time regardless of traffic density. These trends mostly hold for various AV
penetration rates.

We can combine the knowledge from our findings on AV-only reserved lanes and
turning policies, to obtain ideal implementations of our protocol depending on the
simulation scenario. The trend is an up to 17 and 35% reduction in travel time for
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Fig. 2.5 Boxplot of travel time/s for various turning policies. a 80% AV penetration, 600 vehi-
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the 4-by-3 and 6-by-3 intersection, respectively, in comparison with the control with
our protocol not implemented.

2.4 Discussion

Broadly speaking, we can divide our simulation scenarios into four categories, as
presented in Fig. 2.6. Here, we regard the 4-by-3 intersection as low complexity and
the 6-by-3 intersection as high complexity.

2.4.1 Turning Policies

For case (II), turning policies do not have a statistically significant effect on mean
travel time. During the simulations, the 4-by-3 intersection is not observed to reach
capacity, allowing vehicles to freely change lanes as they approach the intersection.
There is minimal obstruction to other traffic in the network, as they are spread apart.
Further, the vehicles on the North—South road only need to make a maximum of
one lane change to continue on their desired route. All these factors allow for lane
changing behaviour without detrimental impacts on the mean travel time of the
network.

However, as the simulation scenario becomes more “chaotic”, as in cases (I), (II)
and (IV), turning policies do have a statistically significant effect on mean travel time.

=
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c &
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Low traffic density Low traffic density

Complexity of
intersection

Fig. 2.6 Four categories for simulation scenarios



2 Traffic Strategy for Mixed Traffic in Container Terminals 23

For cases (I) and (II), the intersection regularly reaches capacity, due to the higher
traffic volume. Here, it would be ideal to minimize the conflict of vehicle trajectories,
which contribute to network delay. There are two main sources of these conflicts: (1)
lane changing behaviour within the road and (2) traversing the intersection itself. In
(1), when the frequency of lane change increases, vehicles further down the road have
to slow down or stop and wait. Meanwhile, in (2), trajectories of vehicles originating
from different roads intersect, leading to vehicles on one road having to give way.
These are illustrated in Fig. 2.7.

Sources (1) and (2) are inversely related, as having more turning options on a road
minimizes lane changing behaviour within the road, but creates more conflicting
trajectories through the intersection and vice versa. From our simulation scenarios,
the effect of (2) appears more significant than (1). Hence, restrictive turning policies
such as 0 and la would be beneficial in minimizing travel time, as it reduces the
occurrence of (2) while increasing (1).

A similar concept can be applied to case (IV). Due to the low traffic density, the
effect of (1) is minimal. However, as the intersection is more complex, i.e. has more
lanes, there are more possible trajectories through it and thus more likelihood of
conflict. Thus, restrictive turning policies also prevail for case (IV).

Another criterion for deciding turning policies is to consider the current traffic
situation. Consider turning policy 1a and 1b, which have the same number of turning
options, three. In our case, the majority of vehicles in the network arriving from the
south are going straight, as defined in Table 2.1. Thus, in our case, turning policy la
would offer better network performance than turning policy 1b, as the former has

Fig. 2.7 Sources of trajectory conflicts within network
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two forward lanes and one turning lane, versus the latter’s one forward lane and two
turning lanes. This is illustrated in Fig. 2.5b, comparing between turning policy 1a2a
and 1b2a.

2.4.2 AV-Only Reserved Lanes

In cases (IIT) and (IV), reserved lanes severely limit the road capacity at low traffic
densities. The reserved and non-reserved lanes are under-utilized at low and high
AV penetration, respectively, leading to increased congestion of the network. At
high traffic densities such as cases (I) and (II), network performance sees a general
improvement, as the reserved lane is more utilized by AVs. As all the vehicles within
the reserved lanes are AVs, they can communicate with each other. This allows for
more coordinated behaviour in actions such as acceleration and lane changing. In
comparison, in the absence of reserved lanes, AVs have to act more cautiously, as
human-driven trucks are by nature unpredictable. As such, the mean travel time is
reduced with reserved lanes.

However, we notice this trend does not always hold, as demonstrated in Fig. 2.4c.
At lower AV penetration rates of 20 and 50%, there is no statistically significant
decrease in mean travel time (p > 0.05). We hypothesize this is due to the positioning
of the reserved lane in the middle of the road, restricting lane change of human-
driven trucks to closer to the intersection. The fact that vehicles may need to perform
two lane changes in rapid succession is likely what contributed to a drop in network
performance. However, further research is necessary to determine the root cause.

2.4.3 Overall Protocol

The impact of AV-only reserved lanes on mean travel time also depends on the turning
policy, particularly in the more complex 6-by-3 intersection. As demonstrated in
Fig. 2.8, performing an ANOVA reveals statistically significant interaction effects
between these two components of our protocol (p < 0.05). Reserved lanes add an
additional layer of restriction to our protocol, and its impact likely depends on how
restrictive the turning policy originally is. For example, at a lower AV penetration
rate, pairing reserved lanes with an already restrictive policy is likely to have a more
detrimental impact on network performance as compared to a more liberal policy.

Our project acts as a starting point in developing new strategies for mixed traffic
in container terminals, which is an inevitable trend of the future. Our protocol does
not require additional infrastructure and is thus highly attractive in a post-pandemic
world where funding is limited. With this better understanding, it allows Singapore’s
ports to ramp up cargo handling capacity to cope with growing shipping demand due
to e-commerce and continue to thrive in a dynamic global industry.
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2.5 Limitations

The biggest limitation was the inability to properly calibrate the microsimulation.
As our research was conducted during the COVID-19 pandemic, we were unable to
physically head down to Pasir Panjang Terminal, Singapore, to observe the traffic
conditions. Also, the exact vehicle profiles of AVs and human-driven trucks are not
publicly available. As such, our protocol would require further verification before
real-world implementation.

Another limitation was that for ANOVA, equal population variance is assumed.
While ANOVA is a relatively robust procedure against violations of normality, it is
still possible that the unequal population variances of different implementations of
our protocol could have affected our results, depending on how large the difference
is.

2.6 Conclusion and Further Studies

Using microsimulation, we showed that there is no “one-size-fits-all” solution to
optimizing traffic. Rather, various conditions need to be factored in, such as the AV
penetration rate and traffic density. This is where our proposed protocol shines, as
it is highly adaptable. Different implementations of turning policies and AV-only
reserved lanes can be used to cater to the dynamic traffic conditions within container
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terminals. This will ensure that mean travel time is minimized, regardless of the
scenario, thereby ensuring a smooth transition to a fully automated fleet.

Our research can be extended to involve realistic testing conditions. This will
allow us to better understand the impact of our protocol on container terminal road
networks. Additionally, the scope can be widened to cover other types of intersection
to find out if our current understanding holds true and adjusts our model accordingly
to better predict mixed traffic behaviour.
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Chapter 3 ®)
Investigating the Effectiveness e

of Non-pharmaceutical Interventions
on COVID-19
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Wee Liang Chi, and Chai Kian Ming Adam

Abstract The COVID-19 pandemic has caused large regions to be locked down
for extended periods, severely impacting global economies and straining healthcare
systems. Such pandemics require swift and appropriate responses to slow the rate
of infections and reduce stress on healthcare systems. Hence, there is an urgent
need to analyse government responses to combat future epidemics more efficiently.
In this project, we study non-pharmaceutical interventions (NPIs) in particular: we
adapt Imperial College’s COVID-19 model (Flaxman et al. in Report 13: estimating
the number of infections and the impact of non-pharmaceutical interventions on
COVID-19 in 11 European countries (2020), [1]; Estimating the effects of non-
pharmaceutical interventions on COVID-19 in Europe (2020), [2]), by challenging
their assumption that the effectiveness of NPIs are shared across all 14 European
countries. We introduce two new semi-mechanistic Bayesian hierarchical models to
investigate this problem from different perspectives. While this further elevates model
complexity, we can now compare NPIs’ effectiveness across countries. Additionally,
we have fine-tuned intervention input quality by introducing more interventions
and modifying the model to account for interventions only affecting a fraction of
a country. Based on the analysis of government responses in specific countries,
we conclude that governments should respond proactively instead of reactively to
emerging pandemics and implement strict restrictions especially during the early
stages. This is so that infections start slowing down, and NPIs will not need to be
implemented for extended times.
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3.1 Introduction

A. COVID-19

On 31 December 2019, a cluster of pneumonia cases in Wuhan, China, marked the
beginning of the COVID-19 pandemic. As of 30 November 2020, there have been
63,087,137 infections, with over 1,465,368 deaths reported worldwide [3]. Several
European countries, in particular, experienced large epidemics in the past few months,
with daily cases increasing significantly day by day. The situation in these European
countries has highlighted the severity of the COVID-19 pandemic and its impact on
national health systems, the country’s economy and the daily lives of its people.

The last time the world experienced a pandemic of comparable scale was the 1918
HINT influenza pandemic. With the help of multiple NPIs, many countries eventu-
ally managed to keep the virus under control. Measures adopted included closing
schools, churches, bars and other social venues. Cities which implemented NPIs
early in the epidemic were largely successful in reducing infections and mortality
rates. However, an increase in cases was also observed after measures were lifted,
indicating transmission resurfaced. While understanding of infectious diseases and
their prevention has changed since 1918, most countries across the globe face a
similar challenge today with COVID-19.

B. Non-Pharmaceutical Interventions

In response, multiple countries have implemented, or are implementing various
NPIs to flatten the curve, maintain their healthcare systems and treat as many as
possible [4]. These NPIs follow the fundamental strategy of suppressing this infec-
tious disease, with the main aim of reducing the reproduction number (average
number of secondary cases each case generates, or rate of transmission) R; to below
1, hence reducing transmission rates and case numbers to low levels. This reduces
stress on the nation’s healthcare systems, resulting in lower mortality rates.

However, there remain limitations to estimating reproduction numbers for SARS-
CoV-2 based on case data. Due to high proportion of undetected and asymptomatic
cases, real-world infection numbers are largely unreliable. Additionally, regular
changes in testing policies produce huge spikes in daily cases and, at times, nega-
tive reported cases. Hence, we studied an alternative way to estimate the course of
the epidemic—using observed deaths to model infections [5, 6]. Imperial College’s
model does so, while accounting for NPIs implemented, resulting in a time-varying
transmission rate. This is much more realistic than the constant transmission rate
most models assume.

In this project, we adapt Imperial College’s model [1, 2] to allow comparison
of NPIs’ effectiveness across countries. We introduce two new semi-mechanistic
Bayesian hierarchical models to investigate this problem from different perspectives.
Additionally, we have fine-tuned intervention input quality by introducing more
interventions and modifying the model to account for interventions only affecting a
fraction of a country.
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C. Motivation

The main aim of our study is to gain more insights into individual countries, where
the original model [1, 2] did not inform us about individual intervention effectiveness
for each country. We would like to compare multiple countries and conclude which
interventions were effective in which countries—and for what reasons, as well as
comparing the overall effectiveness of all interventions among different countries.
This would give more insight into how to better manage future pandemics, or how
to improve management of COVID-19 for the near future before vaccines become
widely available.

(Our analysis focuses on modelling the infection and death rate. We do not study
the economic impact of the NPIs.)

3.2 Imperial College’s Original Model

The summary of Imperial College’s model is presented in the form of a flow chart, as
shown in Fig. 3.1. In the original model, Bayesian inference is used to fit modelled
deaths to observed deaths of every country. This is informed by several prior distribu-
tions, “Symptoms to Death Distribution” and “Infection to Symptoms Distribution”,
both of which accounts for the time lag between infection and death, as well as
“Infection Fatality Ratio”. The daily infections are informed by the time-varying
reproduction number R; ,, and the Serial Interval Distribution. The model calculates
backwards from observed deaths to modelled deaths, which is then used to calculate
modelled infections and estimate R, ,,. In Imperial College’s model, R, ,, is assumed
to obey Eq. (3.1).

6
Rim = Rom eXp(— Zaklk,m,t> 3.1)
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Fig. 3.1 Summary of Imperial College’s model
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The effectiveness of the kth NPI, ¢y, is then fit to best follow the predicted real-
world R; ,.

A. Limitations

As Imperial College published their report in March 2020, there was little real-world
infection and fatality data available. As such, they decided to treat all countries as
a single data set, assuming o, is similar across all counties. While this decreases
idiosyncrasy and variance, several months later, the assumption that countries have
similar NPI effectiveness is no longer true, with countries such as Belgium having
much larger death rates than their European counterparts Norway.

3.3 Methodology

Our model was written with the probabilistic programming language Stan [7], and ran
with Stan’s Hamiltonian Monte Carlo sampler, on top of R programming language.
Both models ran with six chains and 600 iterations, 300 of which is for warm-up.
JavaScript was used to extract intervention data, while Python was used to process
intervention data to input into the models.'

A. Country and Data set

‘We challenge Imperial College’s main assumption by introducing two models, A and
B, which treat each of the 14 European countries as distinct data sets, different from
the original model’s unique pooling of information from multiple countries at once.

With more real-world data, we need not worry about increased idiosyncrasy and
variance.

The added advantage is increased flexibility. Due to Imperial College’s key
assumption, countries had to be carefully chosen to have similar circumstances,
resulting in Imperial College choosing all 14 countries from Europe. However, our
models are unconstrained by this and can model any country with enough reported
deaths.

B. Model A

Model A assumes NPI’s effectiveness varies with country and considers the effective-
ness of the seven NPIs for each country, denoted by variable o ,,, representing the
effectiveness of intervention k in country m. The reproduction number for country
m on day tis given in Eq. (3.2), where I ,, ; represents active interventions on day
t for each country (Fig. 3.2).

7
Rt,m = RO,m CXP<_ Zak,m : Ik,m,t) (32)
k=1

! Infection, fatality and intervention data used can be found here: https:/github.com/EthanKuai/
Investigating-the-Effectiveness-of-NPIs-on-COVID19/blob/main/Sources.md.
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However, if a country implements multiple interventions in the same time period,
they would be statistically indistinguishable from one another, increasing the variance
of o of those interventions. For example, Austria and France implemented both social
distancing and self-isolation from 16 March, which thus would be indistinguishable
from one another. Additionally, with more variables to fit, more epochs are required
for model convergence to occur.

C. Model B

Model A has multiple limitations involving increased variance. Hence, we counter
these limitations with model B, which considers the overall impact of all seven NPIs
for each country, denoted by variable «,,, representing the overall effectiveness of
all interventions in country m. The reproduction number is given in Eq. (3.3). This
allows us to directly compare two countries, even if they execute entirely different
interventions, while controlling variance (Fig. 3.3).
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However, Model B assumes all interventions of a country have similar effective-
ness, which would increase variance of «,, and decrease convergence rate. Addition-
ally, from the results of this model, one would be unable to conclude the effective-
ness of individual interventions of a country and cannot compare between different
interventions.

D. Interventions

Intervention data was taken until 2 December 2020. During this period, the countries
have implemented more NPIs, including “Mask Wearing” and “Border Closure”.
We have updated the list of interventions to include them, while removing “First
Intervention”, which would have little effect in the long run. The comparison between
the interventions considered in the original and updated model is shown in Fig. 3.4.

In the original model, all countries are treated as a single data set, thus there is
multiple “First Intervention” for the model to fit its effectiveness. However, as both
models A and B treat each country as distinct data sets, “First Intervention” only
appears once in each data set, resulting in high variance of a of “First Intervention”.

The original model assumed interventions affected the entire country and would
never end once started. As many European countries only implemented interventions
in highly affected regions of the country, we have collected intervention data down
to individual states and towns. A Python program was used to process such data,
producing a sequence of numbers between 0 and 1 (inclusive) for every intervention
in every country, each representing how active a country’s intervention is on a given
date (I ). O represents an inactive intervention, while 0.5 and 1 represent an
intervention affecting half the population and the whole country, respectively. This
allows interventions fed into the model to better depict the real world.

E. Serial Interval

Serial interval models the time between successive infections in the same chain
of transmission. Serial interval data from Imperial College’s model is taken from
multiple studies [8, 9] based on real-world contact tracing data. However, to
extend it to longer durations, we perform gamma regression, getting our new
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serial interval to be Gamma(k = 1.8365, 6 = 0.4071), quantised to each day ¢ with:

;= fzt:tofo. 5 %dr. The updated serial interval plot is shown in Fig. 3.5.

3.4 Results

A. Norway

From Figs. 3.6 and 3.7, Norway was observed to have the largest per cent reduction in
R, for majority of its interventions and the lowest final R,. With the help of European
news articles, we analyse the situation in Norway to understand why its interventions
were significantly more effective than the other European countries.

Norway {—e

Spain *
Belgium -
0.0 4
Plot of R, on 2"¢ December (Model B)
Norway -
Spain .
Belgium | —=
0% 100%

Plot of a;;, (Model B)

Fig. 3.6 Model B’s results for Norway, Spain and Belgium
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Fig. 3.7 Model A’s results for Norway

Compared to other countries such as Sweden, Norway has done an impressive
job of strictly enforcing interventions when the virus first emerged in the country.
On 12 March, when the reproduction number in Norway was at 2.5, the Norwe-
gian Government immediately imposed the strictest emergency measures at that
time—all schools, bars and parlours were closed and those entering the country
were put in a 2-week quarantine. This was a key step in combatting the virus, as
Norway was able to prevent large-scale community transmission at heavily popu-
lated areas. Norway’s quick and effective response to the growing pandemic allowed
its reproduction number to drop from 2.5 on 12 March to 0.5 by early April.

During the resurgence period, Norway was also quick to identify the more affected
regions, implementing a lockdown and enforcing mask wearing in Oslo. While less-
affected regions were still able to keep up the country’s economy, the lockdown in
affected regions again effectively reduced transmission of the virus. As its neighbours
were hit hard by the second wave of the pandemic, Norway kept its borders closed,
keeping infection numbers low.

B. Spain

We also analyse the interventions in Spain, particularly “Border Closure” measures,
which was observed to be more effective than the other interventions in Spain and
result in the largest per cent reduction in R, among all 14 countries (as observed from
Fig. 3.8).
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Fig. 3.8 Model A’s results for Spain

COVID-19 first hit Europe in Italy, one of Spain’s neighbouring countries. The
Spanish government responded quickly, being the first European country to start
closing its borders to Italy on 10 March, heavily reducing the number of imported
cases. When it spread to other parts of Europe, Spain imposed travel restrictions on
all non-residents from 16 March.

Unlike other countries, Spain kept its borders closed until infection numbers were
brought down, and the virus was kept under control. This was certainly more effective
than the 14-day quarantine implemented in some other countries as they eased border
restrictions.

During the resurgence period, with improved testing policies, Spain was able to
keep its borders open while requesting all travellers to have a negative COVID-19
test and 14-day quarantine to enter the country. As infection rates increase towards
end October, Spain was also one of the few countries to implement border closures
again.

These border closures were essential in ensuring no carriers of the virus entered the
country, assisting the government in contact tracing efforts and for the government
to be able to focus on reducing community transmission, bringing the reproduction
number down significantly over time. The government responded quickly and kept
borders closed for an appropriate amount of time, hence resulting in a significantly
higher per cent reduction in R, as compared to other interventions.
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C. Belgium

From Fig. 3.6, Belgium was observed to have one of the lowest per cent reductions
in R, for majority of its interventions and the highest final R, value. Back in April,
Belgium was also already observed to have one of the highest mortality rates in the
world. We study the possible reasons that led Belgium to become one of Europe’s
most hardly hit countries by the coronavirus.

First, Belgium is one of the smallest yet most densely populated countries in
Europe. This results in a higher initial reproduction number, which was estimated to
be at 3.4 before strict measures were implemented in Belgium. It also puts a strain on
“Social Distancing” measures, accounting for a considerably low per cent reduction
in R, (as observed in Fig. 3.9).

Second, Belgium’s location in Europe also makes it more vulnerable to imported
cases. At the heart of Europe, Belgium is well connected to neighbouring coun-
tries, and Europeans are able to travel in and out of Belgium by train or car. Since
“Border Closure” measures were focused more on international flights and entry-
checks which were more concentrated in airports, Belgium was unable to account
for several imported cases at other entry-points of the country early on during the
pandemic. Hence, despite the strict travel flight restrictions implemented in Belgium,
“Border Closure” measures were ineffective in reducing R; (as observed in Fig. 3.9).

Third, Belgium’s multi-layered government applied a regional approach to
COVID-19 measures, throwing citizens into confusion. As some regions imposed
stricter restrictions compared to neighbouring regions, it sparked outrage in its
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Fig. 3.9 Model A’s results for Belgium
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citizens, severely affecting the government’s efforts in enforcing the NPIs imple-
mented. Anti-coronavirus protest gatherings also resulted in more congested areas
for large-scale community transmission, further increasing the reproduction number
in Belgium.

D. Intervention-specific

Our results from Model A for all 14 countries imply that major NPIs such as “School
Closure”, “Lockdown” and “Border Closure” substantially reduced reproduction
numbers.

E. Model-specific

3.5 Model A

As different interventions have wildly different o ,, compared to others, this model
allows us to gain additional insights into the effectiveness of different interventions
by each country. For example, in the Netherlands, School Closure has an oy, of
around 90%, which is much higher than the other interventions in the Netherlands,
which are mostly < 25%.

3.6 Model B

Certain countries have extremely small error bars in «,,, while others have error bars
which stretch close to the full range, meaning Model B has a tendency of “hit and
miss”. Notably, if all interventions have similar effectiveness in Model A, the «,, of
Model B would have an extremely low variance. However, the same is not true for
its inverse (Fig. 3.10).

3.7 Future Studies

3.7.1 Unresolved Limitations

First, the model assumes R; ,, is constant throughout the country. There tends to be
higher urban density in cities than rural areas, thus this is not true. Second, the model
assumes R, , varies only with a change of interventions implemented. However,
movement of people throughout the country would change urban densities of different
regions and consequently R, ,,. While this can be controlled to some extent by inter-
ventions such as lockdowns and border closures, it still varies significantly. Third, the
model assumes « is constant throughout time. For example, people might comply to
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Fig. 3.10 Model B’s results for all 14 European countries

lockdown rules initially, but when it is extended, some may get restless and protest,
defeating the purpose of the lockdown. Additionally, if a second lockdown order is
issued, our model will assume both lockdowns have the same «, which is not always
the case. Fourth, prior distributions such as Serial Interval Distribution, Infection-
to-onset Distribution and Onset-to-death Distribution vary throughout country and
time, reducing accuracy. Fifth, as the model relies on observed deaths, countries with
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high cases yet few deaths like Singapore [10] cannot be modelled as it does not give
the model sufficient information to predict cases.

3.7.2 Impacts on Results

First, pre-emptive interventions are penalised. If an intervention is implemented
before the outbreak occurs, while it might have reduced R, , significantly and
lowered numbers in the outbreak, the model would register the intervention as
increasing R, , and thus have low-to-negative «. Second, if a country does not
update interventions for an extended duration, the model is forced to believe that
R, ,, remains constant throughout. However, due to all three limitations, it is very
likely a second outbreak will occur, as the governments have greater difficulty in
enforcing restrictions. This is most obviously seen in Model A’s Sweden data, where
the model believes R,,, < 1 even though the cases are on the rise.

3.7.3 Possible Improvements

(a) For limitations 1 and 2, a possible solution is to take mobility data and split
countries into multiple sub-regions of similar urban density, using mobility data
to simulate people movement. Another possible study is to analyse mobility
data within countries to determine the effectiveness of curfews, lockdowns,
and self-isolation in different countries density, using mobility data to simulate
people movement, allowing for a more in-depth analysis of changes in R, ,,.

3.8 Conclusion

By modifying Imperial College’s COVID-19 model, through the addition of the
semi-mechanistic Bayesian hierarchical models, we present novel perspectives in
the study of COVID-19 infection rates. Our model gives a clearer overview of the
efficacies of NPIs based off the 14 European countries studied and provides insights
into the ideal approaches governments should adopt to combat future pandemics.

After analysing selected European governments’ responses, we conclude that
major NPIs like “School Closure”, “Lockdown” and “Border Closure” substantially
reduced reproduction numbers. “Border closure” has also proven to be more effective
than the “14-day quarantine”, possibly because it enables governments to focus on
minimising community transmission. Most importantly, governments should also
respond proactively instead of reactively to emerging pandemics and implement
strict restrictions especially during the early stages.
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Chapter 4 ®)
Investigating the Genetic Etiology oo
of Disease in a Patient with Aplastic

Anemia

Beverly Low Ying Tong, Lee Shi Mei Charmaine, Tay Jia Ying,
Grace Tan Li Xuan, Liu Chun Ping, Lai Poh San, Eng Soo Yap,
and Tung Moon Ley

Abstract This study investigates the molecular basis of a male patient presenting
with aplastic anemia (AA) and related symptoms of macrocytosis and mild thrombo-
cytopenia. In addition, this patient also presents symptoms not usually found in AA
patients, such as fatty liver, liver cirrhosis with portal hypertension, diffuse cerebral
and cerebellar atrophy, and congenital left sensorineural hearing loss. As such, it
is hypothesized that the patient has AA that is secondary to inherited bone marrow
failure syndromes related to telomere biology disorders. Thus, to identify the under-
lying genetic cause of the disease, relative telomere length (RTL) of proband and
family members was determined by qPCR, followed by identification of disease-
causing variants through next-generation sequencing of the proband. The proband
has a RTL of 0.11 (— 5.96 SD) which is shorter than the 1st percentile (— 2.33 SD).
As RTL analysis indicates significant telomere shortening in the patient, it is likely
that the patient has a telomere biology disorder. 8 variants in genes (DKC1, ATXN3,
PTPRQ, ABCB4, DIAPH3, TBP, PARPI) associated with our patient’s phenotype, 2
of which were previously reported and were also shortlisted as potential candidates.
However, upon curation, these variants were found to be of uncertain significance,
and the genetic cause of our patient’s condition remains elusive. Nonetheless, we
were able to confirm that the patient had significant shortening of telomeres.
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4.1 Background and purpose

4.1.1 Case Presentation

A male patient in his 30s presented main symptoms of aplastic anemia (AA), macro-
cytosis, and mild thrombocytopenia. The patient also presented symptoms unchar-
acteristic of AA, namely fatty liver, liver cirrhosis with portal hypertension, diffuse
cerebral and cerebellar atrophy, and congenital left sensorineural hearing loss.

4.1.2 Aplastic Anemia (AA)

AA is a life-threatening bone marrow failure disorder [1] that can present at any age
[2]. The incidence of AA ranges from 1.5 to 7 cases per million people, and the median
age at diagnosis ranges from 25 to 60 years globally [3]. In most cases, AA is caused
by immune-mediated destruction of hematopoietic stem cells (HSCs), resulting in
pancytopenia [4]. However, the patient in this study not only presents symptoms
associated with acquired AA such as macrocytosis and thrombocytopenia, but also
liver cirrhosis with portal hypertension and fatty liver, which have been associated
with certain inherited bone marrow failure syndromes (IBMFSs) that are telomere
biology disorders (TBDs) [5, 6]. TBDs are characterized by short telomeres and may
cause AA [7]. Telomere loss in HSCs can result in early apoptosis of these cells
[8] and decrease their proliferative potential in vitro [9], causing them to be unable
to mature and differentiate into blood cells [10]. This patient also presents with
diffuse cerebral and cerebellar atrophy and congenital left sensorineural hearing loss
(SHL) that are uncharacteristic of AA. Thus, it is possible that the patient’s pheno-
type might be attributed to AA that is secondary to IBMFS [11] including dysker-
atosis congenita (DC), Diamond Blackfan anemia (DBA), and Shwachman-Diamond
syndrome (SDS), occurring from germline mutations inherited from parents or
arising de novo [12].

4.1.3 Importance and Challenges of an Accurate Diagnosis

It is crucial to provide an accurate diagnosis and distinguish between acquired AA
and AA resulting from IBMFS to effectively manage symptoms and improve patient
outcomes [13] as clinical treatments, and approaches are different for the two diag-
noses [7, 11]. Patients with congenital disorders may also present additional symp-
toms that must be treated. Thus, an accurate diagnosis is required to rule out other
underlying disorders, primarily IBMFS, and assess for specific etiologies and associ-
ations [11]. However, it is difficult to distinguish between inherited AA and IBMFS,
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especially if the patient has a de novo mutation, or a mutation with low-disease pene-
tration, or is not presenting any other classical congenital anomalies [11]. Besides,
there are gaps in literature, where the list of genetic mutations that causes specific
genetic disorders is incomplete, in addition to a large number of genes reported to
be involved in a specific disease. Due to genotype heterogeneity, a specific genetic
mutation can also give rise to multiple diseases. Additionally, symptoms that are not
unique to a particular disease can overlap and vary in severity, making it challenging
to provide an accurate diagnosis.

4.14 Aim

The aim of this project is to investigate the underlying cause and genetic etiology
of AA in a patient presenting with multiple associated symptoms. This will be done
by (1) determining the relative telomere length measurements and (2) identifying
presence of any pathogenic genetic variants.

4.2 Hypothesis

Based on this patient’s primary presentation of AA and taking into consideration that
he presented other symptoms that are not characteristic to acquired AA, as detailed
above, it is hypothesized that a telomere biology disorder may be involved. From
literature review, AA can be a symptom of several IBMFSs that are TBD, including
DC [14] and SDS [15].

4.3 Materials and Method

4.3.1 Literature Review

Literature review was initially conducted to examine the spectrum of clinical symp-
toms of IBMFS such as DC and AA. The respective causal genes, methods to iden-
tify the causes of the diseases, treatment options, and all overlapping symptoms
were identified. The testing methods for IBMFS and AA such as next-generation
sequencing for genetic testing, flow-FISH, and quantitative PCR for telomere length
testing were also reviewed to determine the most suitable methodologies to be used
as laboratory investigations to support a diagnosis.
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4.3.2 Relative Telomere Length (RTL) Assay

The RTL was obtained from quantitative PCR (qPCR) data, using extracted genomic
DNA from peripheral blood of patient, brother, mother, and father. Two references
(NM914) and (NM917) were used as the positive controls, and a no-template control
was used as the negative control. Telomere qPCRs and single-copy gene (HBG gene)
qPCRs were performed in separate wells using primers [16, 17] as follows. Telomere
(A) (5-CGG TTT GTT TGG GTT TGG GTT TGG GTT TGG GTT TGG GTT-3')
and Telomere (B) (5'-GGC TTG CCT TAC CCT TAC CCT TAC CCT TAC CCT
TAC CCT-3'); HBG1 (5'-GCT TCT GAC ACA ACT GTG TTC ACT AGC-3') and
HBG2 (5'-CAC CAA CTT CAT CCA CGT TCA CC-3'). A final volume of 10l
amplification reaction for both qPCRs using the QuantiNova SYBR Green PCR Kit -
Qiagen 208056 contained 5 .l of 2x SYBR PCR Master Mix, 0.2 pl forward primer
(10uM), 0.2 pl reverse primer (10 wM), 0.1 1 template DNA (10 ng/pl), and 4.5 pl
RNase-Free water. Each sample was run in triplicates. PCR cycling conditions for
telomere amplification started with 1 cycle of 95 °C denaturation for 2 min, followed
by 35 cycles of 95 °C for 5 and 10 s at 58 °C for telomere amplification, and 56 °C for
HBG amplification [16]. The PCR efficiency was > 90%, and the linear correlation
coefficient values for both reactions were > 0.99.

4.3.3 RTL Determination

Telomere (T) signals and single-copy gene (S) signals were obtained from qPCR.
The T/S ratio of each individual run was calculated by dividing the telomere starting
quantity by the single-copy gene HBG starting quantity [16]. The mean of the tripli-
cates was then calculated to give the mean T/S ratio, which represents the RTL value.
Next, the standard deviation of the triplicates and the coefficient of variation (CV)
were calculated to ensure the quality of data collected [16].

4.3.4 Statistical Analysis of RTL Methodology

Z-scores of patient and brother who were in their 30 s as well as father and mother
who were in their 60 s were calculated using the formula Z-score = (X — w)/o,
where X = RTL of the patient; © = the mean RTL of age-matched controls; and o
= the standard deviation (SD) of age-matched controls [18].
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4.3.5 Next-Generation Sequencing (NGS)

As no suitable candidates were identified, the variants were re-filtered using subse-
quent sets of less stringent criteria. 2nd pass candidates were filtered for MAF < 0.05
instead of MAF < 0.01 before continuing with the previously described pipeline.
3rd pass candidates were filtered for MAF < 0.01 with non-coding and synony-
mous variants removed, however, these variants were prioritized for curation and
pathogenicity prediction based on the genes’ association with the patient’s pheno-
type, as well as the results of computational predictive programs. The computa-
tional predictive programs used were SIFT, PolyPhen2-HDIV, PolyPhen2-HVAR,
MutationTaster, mutation assessor, and FATHMM for exonic missense variants and
NetGene2, BDGP, MutationTaster, varSEAK for intronic variants near a splice site.
4th pass candidates were filtered for non-synonymous variants occurring in AA
genes with a MAF of < 0.01, but inclusive of non-coding variants, before curation
and pathogenicity prediction (Fig. 4.1; Table 4.1).

Annotated data obtained from NGS

'

1st Pass

le 2nd Pass
\J MAF < 0.05

Select MAF < 0.01

'

Remove synonymous
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Analysis of all ‘
genes with MAF < ’
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Gene List e bonlal of all genes that
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phenotype from literature review (Gene List) OMIM catalogue
and prediction
i tools

Check autosomal-recessive and dominant = '

inheritance models to choose variants

Y

In the case that shortlisted .5t
variants were insufficient, we ‘
proceeded to the 2nd, 3rd
and 4th pass. Shortlisted variants

Fig. 4.1 NGS pipeline: Pathogenic variants were identified by passing annotated data obtained
from NGS through the pipeline containing 4 passes
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Table 4.1 RTL results
S 1 RTL Z- /SD
showing raw RTL and ampe score
Z-score calculated relative to ~ Patient 0.11 —5.96
age-matched normal controls  Patient’s brother 0.13 —5.56
Patient’s mother 0.14 —17.50
Patient’s father 0.16 — 6.66

4.4 Results and Discussion

4.4.1 RTL 7Z-Score Analysis

The Z-score compared the telomere measurement in each individual with the age-
matched mean and SD of the values in the normal controls, accounting for the known
wide inter-individual telomere length variability. Telomere shortening and TBD were
considered when the Z-score was below the 10th percentile of a normal distribution
(— 1.28 SD) [19]. The patient was observed to have a RTL of 0.11 (— 5.96 SD),
which is shorter than the 1st percentile (— 2.33 SD) and has been cited by literature
to be 91% specific for DC [20]. However, the patient also presents with left SHL,
diffuse cerebral, and cerebellar atrophy which have not been linked to DC, suggesting
alternative underlying genetic mutations. Both the patient’s mother and father also
have RTLs shorter than the 1st percentile when compared to age-matched normal
controls, suggesting the possibility of a TBD. However, only the patient and his
brother presented symptoms while their parents are phenotypically normal. Telomere
length decreases progressively with advancing age [21], but the patient and his brother
who are in their 30 s have shorter RTL than their parents who are in their 60 s. Hence,
both patient and brother might be suffering from a TBD that causes shorter RTL. The
brother has milder symptoms and a longer RTL compared to the patient, indicating
that the brother might have a milder form of TBD. The mother has a shorter RTL of
0.14 as compared to the father who has a RTL of 0.16. Thus, it is possible that the
mother is an asymptomatic mutation carrier [7] for an X-linked TBD such as DC,
while telomere shortening in the father may be due to other factors such as chronic
stress, poor lifestyle choices [22], and paternal age at birth [23]. To identify potential
genetic causes of the patient’s phenotype, exome sequencing was conducted on the
patient’s genome.

4.4.2 NGS Analysis

Table 4.2 describes the 8 variants shortlisted from patient’s WES data of which
the DKCI, ATXN3, ABCB4, and PTPRQ variants will be discussed in detail. A
homozygous DKC1 variant NM_001363.3:¢.771+3A>G was identified in the patient.
This mutation has not been reported in any variant database and is absent in any
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population databases used. Since this mutation occurs 3 bases away from an intron-
exon boundary, it is predicted to affect splicing by disrupting the highly conserved
sequences that define the intron-exon boundary [24]. MutationTaster predicts that this
variant causes a gain in splice donor site, with a score of 0.76. varSEAK predicts that
this variant is deleterious with likely loss of splice site. BDGP and NetGene2 predict
that this variant is not likely to cause a loss or gain of splice sites, with NetGene2
predicting that confidence of the donor splice site (direct strand) decreases from 0.83
to 0.71. However, BDGP and NetGene2 both show that this variant occurs close to
the predicted splice site and might affect splicing through activating cryptic splice
sites or affecting the binding of splicing enhancers and silencers [24]. Thus, this
variant is likely to affect splicing and compromise the function of the DKCI gene
product dyskerin, which is a component of the telomerase complex, possibly causing
a defect in the maintenance of telomeres [25].

DKC1 is associated with X-linked dyskeratosis congenita (DC) [25], with 20-25%
of DC cases being caused by a mutation in the DKC1 gene [26]. DC is a TBD and has
also been associated with liver cirrhosis and cerebellar ataxia [27]. Approximately
80-90% of patients with DC develop AA before age 30, with the severity of bone
marrow failure varying [28]. While the patient does not display all the symptoms
of DC such as the classical triad of nail dystrophy, skin hyperpigmentation, and
oral leukoplakia [20], DC has a broad phenotypic spectrum [20], so patients may not
display the full or classical phenotype [20]. Based on our ACMG curation, this variant
is classified as variant of uncertain significance (VUS): PM2. However, considering
that the variant occurs close to the predicted splice site, likely affecting splicing and
protein function, and since the patient’s phenotype corresponds with the symptoms
of DC, including AA, thrombocytopenia, liver cirrhosis, and cerebellar ataxia, in
addition to the short telomeres below the 1st percentile that is characteristic of DC
patients [18], we consider this variant to be a strong causative candidate for our
patient’s condition.

Two novel compound heterozygous ATXN3 variants
NM_004993:exon10:¢c.915_916insCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCA:p.G306fs and NM_004993:exon10:¢c.915_916i

nsCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG:p.G306delins
QQQQNQNQNQNQNQNQNQNQANG were also observed in the patient. Mutations in ATXN3
have been associated with Machado-Joseph disease (MJD) [29, 35], also known
as spinocerebellar ataxia, which includes symptoms of cerebellar atrophy. While
the patient does not present the full range of symptoms of MJD including eye
abnormalities and limb ataxia, MJD has wide clinical variability [29]. There is
variability in age of onset and severity of disease, with age of onset varying from
early teens to late-adulthood [36]. In this variant, there is an expansion of 26 CAG
repeats and a CA insertion, resulting in a frameshift mutation. MJD is known to
result from an expansion of a (CAG)n repeat in the ATXN3 gene [37]. Additionally,
a-1 frameshift with an expanded CAG repeat has been reported to have a delete-
rious effect on Drosophila and mammalian neurons since a GCA frame would be
translated, producing polyalanine instead of polyglutamine [38].
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The patient harbored a heterozygous ABCB4 variant,
NM_000443:exon13:c.A1529G:p.N510S. While homozygous mutations in ABCB4,
also known as MDR3, have been associated with cholestasis, progressive familial
intrahepatic 3 autosomal recessive [30], heterozygous mutations in ABCB4 variants
have been reported to result in less severe clinical patterns [39]. Mutations in the
ABCB4 gene present clinical symptoms including adult idiopathic cirrhosis [39]
and drug-induced liver injury [40]. As such, this mutation in the ABCB4 gene might
be related to the fatty liver and liver cirrhosis with portal hypertension that ML1
presents with.

Our analysis also identified a  heterozygous PTPRQ  variant,
NM_001145026:exon3:c.C206G:p.S69C, in the patient. PTPRQ has been associated
with deafness, autosomal dominant 73 [31]. This variant occurs in the Fibronectin
Type III (FN3) domain. PTPRQ has 17 FN3 domains which mediate binding to
extracellular proteins [41]. Mutations in the FN3 domain can lead to malformations
of shaft connectors and incomplete maturation of cochlear hair bundles, resulting
in SHL [42]. Hence, mutations in this domain are likely to deleteriously impact
function. Since mutations in the PTPRQ gene have been associated with the
patient’s phenotype of congenital left SHL, and the affected FN3 domain may result
in SHL, this variant may be another potential contributing candidate for our patient’s
phenotype.

Although 8 variants were shortlisted for the patient, we were unable to classify any
of them as clinically pathogenic under the ACMG guidelines. There are limitations of
WES, where there may be damaging deep intronic pathogenic variants, copy number
variations, or chromosomal relocations that occurred but were undetected. To address
these limitations, whole-genome sequencing can be performed to identify variants
in the entire genome. If no pathogenic variants are identified, further studies on
potential underlying cause of the patient’s disease can be made through investigating
the phenotype and genotype of the patient’s relatives using WES. This would enable
us to analyze the cosegregation of variants with the disease in the family, aiding in the
classification of pathogenicity of variants with uncertain significance. Furthermore,
in vitro or in vivo functional studies can be carried out on shortlisted variants to help
determine their pathogenicity.

Although the causal gene underlying a TBD could not be conclusively identified,
the telomere measurements study points to the latter as being associated with the
condition in the patient. It is noted that absolute telomere measurements were not
performed due to the complexity of the experiments, nonetheless RTL assays are
commonly accepted as reliable and have been used in studies to detect telomere
disorders [43], with short RTL measurements being used as a criteria for diagnosis
in DC patients [44]. As to whether the telomere shortening could be a consequence
and not cause of the disease, the symptoms of the patient manifesting phenotypes
suggestive of telomere disorder lends support that the latter is probably the cause of
disease.
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4.5 Conclusion

In conclusion, the patient is likely to be suffering from a TBD since telomere short-
ening is evident, with the patient having a relatively shorter RTL of 0.11 (— 5.96
SD), which is below the 1st percentile (— 2.33 SD) with respect to age-matched
normal subjects. Through comprehensive analysis of the patient’s genome, we have
shortlisted 8 variants in genes (DKCI, ATXN3, PTPRQ, ABCB4, DIAPH3, TBP,
PARPI) associated with our patient’s phenotype as potential candidates. Particu-
larly, we identified a mutation in the DKCI gene (NM_001363.3:¢.771+3A>G) near
the intron-exon boundary, which could likely affect splicing and dyskerin function,
resulting in reduced telomerase function [25]. However, upon curation of our short-
listed variants, all the variants were found to be of uncertain significance due to lack
of supporting evidence in literature. Hence, the genetic cause of disease in our patient
could not be confirmed. Nevertheless, these shortlisted variants are promising poten-
tial candidates, and their pathogenicity can be confirmed through further studies such
as in vitro or in vivo functional studies if they are also found in other similar patients
elsewhere.
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Chapter 5 ®)
Topology and Geometry of 3-Band e
Models

Ching Hua Lee and Chien Hao Tan

Abstract Berry curvature is a property of N-band models which plays an analogous
role of the magnetic field. The Majorana stellar representation (MSR) is a method
of decomposing N-band states into multiple 2-band states, which paves way for a
more intuitive geometric understanding of N-band models. We utilise the MSR to
obtain a new formula for the Berry curvature of 3-band models in terms of individual
contributions from each star and cross terms involving both stars, which could be
insightful for investigating Berry curvature uniformity and topological behaviour of
stars. We applied the MSR method to a model with uniform Berry curvature and
investigated the cancellation of the divergences among three out of four of the terms
to yield an overall non-divergent Berry curvature. In summary, the MSR approach
aids the discovery of materials with uniform Berry curvature and is a powerful tool
in the study of fractional Chern insulators (FCI).

5.1 Introduction

The study of topology in physics emerged in the late 1980s and has been an active
field of study in recent literature. Historically, the concept of topological order was
required to explain the chiral spin state in high-temperature superconductivity after
it was discovered that Landau’s spontaneous symmetry breaking was unable to do
so. And more recently, the 2016 Nobel Prize has been awarded to David J. Thou-
less, J. Michael Kosterlitz and F. Duncan M. Haldane for “theoretical discoveries of
topological phase transitions and topological phases of matter” [1].

Researchers study topological physics for their robustness to environmental noise
and impurities. For instance, topological insulators, which we study in this paper,
have potential applications for quantum computing. Imagine a thin film of electrons
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Fig. 5.1 When a thin film of electrons is exposed to an external magnetic field, electrons in the
middle will be in bound orbits, resulting in a current (red). While electrons at the edges will scatter
off the edge while orbiting, resulting in an edge current (blue) that is robust to material impurities
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Fig. 5.2 An illustration of the Kagome lattice being converted into an 3-band model. As the lattice
possesses translational symmetry, Bloch’s theorem can be used to transform the real space tight-
binding model into momentum space. The resultant 3-by-3 matrix is then diagonalised to obtain
eigensolutions

in a strong magnetic field (refer to Fig.5.1). The electrons in the middle (bulk) will
be confined to circular orbits, but the electrons at the side will scatter off the edge and
cause a current to flow around the edge of the material. The material’s conductivity
at the edge is not affected by small changes in the material, like impurities or imper-
fections and is therefore said to be protected by topology. In fact, this topologically
protected edge conductivity is so robust that it is used to measure the fine structure
constant.

5.1.1 Research Objectives

This paper investigates topological behaviour of 3-band models with the use of
Majorana stellar representation (MSR). An N-band model is a theoretical model of
condensed matter physics systems. Examples of condensed matter physics systems
include graphene, superconductors, semiconductors, and generally solids with some
crystalline or lattice structure. The value of N depends on the number of orbitals
and sublattice sites one wishes to account for. Condensed matter systems, which
often involve transition metals, typically involve many orbitals. Hence, the greater
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the value of N, the higher the degree of accuracy of the model, although this comes
at the cost of increased complexity. These condensed matter systems can effectively
be simplified to an N by N (hermitian) matrix by transforming into momentum space
using the method of Bloch waves (refer to Fig. 5.2) [2]. The properties of the system
(i.e. Berry curvature) are then investigated by calculating the eigenvectors (which
correspond to the quantum states) and eigenvalues (which correspond to the (eigen-
)energy of the states) of the square matrix. Unfortunately, each N-band eigenstate is
a complex N-dimensional vector which is difficult to visualise. The Majorana stellar
representation (MSR) approach promises to solve this problem.

In this paper, the goal of the MSR approach is to understand the flatness of the
Berry curvature of 3-band models. Berry curvature plays the analagous role of a
magnetic field in topological materials. A more uniform Berry curvature leads to
better behaviour, and therefore, models with a flat Berry curvature are sought after.
For 2-band models, there is a lower-bound for the uniformity due to the fact that there
is no map from T? to S? that has a perfectly uniform Jacobian [3]. For higher-band
models, a perfectly uniform Berry curvature is permitted. However, perfectly uniform
models are unphysical as they require infinite-distance-hopping terms. Hence, the
trimming of hopping terms that are too far would result in a trade-off between Berry
curvature uniformity and experimental feasibility. An example of a relatively uniform
3-band model has been found in [3], and the Hamiltonian can be found in Appendix
1. We seek to understand the flatness of the Berry curvature of this model with the
MSR approach, in hope of discovering other uniform models.

As a small but important digression, in most literature, “flat models” refer to
models with a flat eigenenergy spectrum. A flat energy spectrum also has desirable
properties, but it is very different from a flat Berry curvature. To avoid confusion, this
paper refers to models with flat Berry curvature as uniform models from hereon. A
flat energy spectrum is mathematically easier to achieve than a flat Berry curvature,
as one can always add/subtract the identity matrix to the Hamiltonian to translate
the energy. On the other hand, a flat Berry curvature is much harder to achieve
mathematically, and in some cases, even impossible (such as in 2-band models).
Additionally, to further achieve flat energy or flat curvature models in an experimental
setup is an even greater feat, as one is constrained by physical materials in addition
to mathematical difficulty. In this paper, we only focus on the mathematical aspects
of uniform models.

It is also worth mentioning that although the techniques developed in this paper
is most applicable to the study of topological insulators, the MSR approach could be
applied to other areas such as topolectrical circuits [4] and high-spin systems (Fig.
5.3).

5.1.2 Berry Phase, Berry Curvature, and Chern Number

To further elaborate on what is meant by “topological behaviour”, we will dis-
cuss the concept of Berry curvature in this paragraph. The concept of Berry phase
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2tcos I\E‘('" lT»'r\.aJ 2t coslhya) u

Chern Number Energy spectrum

Fig. 5.3 The process of calculating the “topological behaviour” of a model

was developed in 1984 [5]. When a quantum eigenstate |W) undergoes adiabatic
cyclic evolution in parameter space (example in the proceeding paragraph), in addi-
tion to the dynamical phase exp(—% fol dt’E(t')), it acquires a geometrical phase
exp(— 56(: (W] |dW)), called the Berry phase, which can be experimentally observed
[5]. This also paves for the concept of a Berry connection and Berry curvature.
The Berry connection is defined as A4 = —i (¥||d¥) and the Berry curvature
F =dA=—i{(dV¥V|A|dV). Application of Stokes’ theorem yields an expression
of Berry phase in terms of a surface integral of Berry curvature, y(C) = — fs F,
where C = 0S. The Berry curvature, which can have several physical consequences
[6-8], is the focus of this paper.

5.1.2.1 Spin-1/2 Particle in Magnetic Field

We provide an example of an electron in an external magnetic field to aid in explain-
ing Berry phase, connection, and curvature. An electron is a spin-1/2 particle, and its
quantum behaviour is governed by the Hamiltonian H o ¢ - B and the Schrodinger
equation H |V) =i h% |W). This Hamiltonian is the potential energy of the electron
in a magnetic field, and the quantum state of the electron is given by the eigenvectors
to the Hamiltonian. We choose to present only the positive energy eigenstate for this
paper as the method is easily applied to other eigenstates. Since the Hamiltonian is
dependent on the direction of the magnetic field B = (B, By, B;) € R3, the eigen-
vectors also depend on the magnetic field. The magnetic field is the parameter space
for this example. A varying magnetic field would cause the eigenstate to vary, and
we ascribe an eigenstate to each corresponding point in parameter space. Calculating
the eigenstate for spin-1/2 particles is achieved by decomposing the 2 x 2 hermitian
matrix H into a combination of pauli matrices.

H « B,o1 + B,oy + B,03 (5.1)

o = <(1) (1)) oy = (? —01> 03 = <(1) _01> (5.2)
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Berry Phase Berry Curvature
lp) - e Oly)

1
. F =sin6.do Adg
r(©) =-30(0)

Fig. 5.4 Visualisations of the Berry phase and curvature of 2-band models. The Berry phase is
acquired after a cyclic evolution in parameter space, and it can be thought of as (minus half) the
solid angle of the path. The Berry curvature can be regarded as the Berry phase of a infinitesimal
loop, and is hence (half) the differential solid angle (in spherical coordinates)

W (B)) = (51)2') (53)

After an adiabatic evolution along a cyclic path C in parameter space, the eigenstate
returns to its original value, but it picks up a phase factor e’*. This phase factor consists
of two parts, the dynamical term exp(—% fot dt’E(B(t'))) and the geometrical term
exp(iy(C)) = exp(— 9§c (V| |VpW) - dB). The geometrical term is only a function
of the cyclic path traced out by the eigenstate and does not involve the time taken for
cyclic evolution.

sin 0 cos ¢
Moreover, we consider B = By | sinfsin¢ | in polar coordinates, then the
cos 6
. . cos6/2 . .
eigenstate can be written as |V (B(0, ¢))) = (ei¢ <in o /2). The eigenstate |V) is
sin 6 cos ¢
represented on the Bloch sphere as W = | sin@sin¢ | € S?. As a mathematical
cosf

interlude, the Bloch sphere representation owes its existence to the fact that the
space of quantum states C2/U (1) ~ CP! ~ §? is isomorphic to the 2-sphere topo-
logically. The Bloch sphere representation is elegant because the Berry curvature of
2-band models can be interpreted as the differential solid angle on the Bloch sphere
F =Im (V| A |dV) = % sin 0 df A d¢. Therefore, the Berry phase of a cyclic evo-
lution of the magnetic field is interpreted as the solid angle traced out by the cyclic
path y(C) = —%Q (C) (refer to Fig.5.4).

5.1.2.2 N-Band Models

For condensed matter physics models, the parameter space is (k,, k,) € T, because
(crystal) momentum is 27 -periodic. The Berry curvature is 7 = Im (dW| A |dW¥) =
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(kx ky) € T [¥(kx ky)) € CP

Fig. 5.5 The 2-band eigenstate is a map from the 2-torus to the 2-sphere. Maps from T2 to $2 can
be characterised by a winding number called the Chern number

Im((0, W |9y W) — (9, W] [0, ¥))dk, A dky = F,,dk, A dk,. And the Chern number
of N-band models is defined as C = 1/27 [ I nydzk. N-band condensed matter
physics models are analogous to spin-((N—1)/2) systems as the Hamiltonians of
both systems are of the same size. 2-band models, which describe physical systems
like polyacetylene (Su-Schrieffer-Heeger) [9], are analogous to spin-1/2 systems.
One simply replaces the magnetic field B with the analogous vector d (k). Therefore,
the calculations in the previous subsection on spin-1/2 particles carry over to 2-band
models. The Chern number of 2-band models is thus quantised in integer values, since
the total solid angle swept out by the eigenstate on the Bloch sphere is amultiple of 47r.
As we have seen, the Bloch sphere representation of 2-band (or spin-1/2) states offers
insights into its Berry curvature (refer to Fig.5.5). The generalisation of the Bloch
sphere representation for higher-band models is the goal of this paper. Specifically,
we work on 3-band models where eigenstates live in CP? ~ (82 x §2)/S,.

5.2 The Majorana Stellar Representation for N-Band
Models

The Bloch sphere representation for the 2-band state is not immediately generalisable
to higher-band models. However, the Majorana stellar representation (MSR) has
potential to pave a geometrical intuition for higher-band models. The MSR has
already been used to understand the Berry phase of higher-spin systems [10, 11],
but the application of the MSR to Berry curvature has not been studied in-depth, and
is therefore the goal of this paper. The MSR allows one to decompose an N-band
state into (N—1) entangled 2-band states (refer to Fig.5.6). The Berry curvature,
which we will derive later, will comprise of solid angles from the individual stars,
as well as correlation terms. The contribution that only involve single stars have a
simple geometrical interpretation, and therefore, the MSR has hope of allowing us
to explore the geometry of higher-band models in a more intuitive manner.

From [12], an N-band state |WV)) = SN _ W, |m) can be represented as N — 1

m=1
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Bloch

cos E Representation
2-Band W=
e sin—
2
Majorana Stellar
‘["1 Representation (MSR)
3-Band I¥) = ("["2) —
W3

Fig. 5.6 2-band states can be projected onto the Bloch sphere. By MSR, 3-band states can be
represented on 2 Bloch spheres as 2 entangled Majorana stars. The stars are given by roots to (5.4)
followed by a stereographic projection from the complex plane to 2-sphere

cos0;/2
e'% sin 6, /2
e'% tan % to the polynomial P «/%xlv ~% = 0. Kindly refer to Appendix
2 for a more in-depth explanation.
For 3-band models, the 2 stars can be calculated by finding the roots to

stars on the Bloch sphere, |u;) = ( ), with 6;, ¢; given by the roots x; =

—2 =0 (5.4)

where W; are the components to the 3-component eigenstate |\W). The roots

V2W, £ /202 — 4,0

29,

X12 = (55)

can be used to find the angles of the stars |A), | B) when represented on the Bloch
sphere, x; = tan %e’”’f, via stereographic projection from the complex plane to the
2-sphere (refer to Fig. 5.6). It is also important to note that due to the branch cuts of
the square root function, star | A) and star | B) interchange along paths in the Brillouin
zone. Kindly refer to Fig. 5.13 for a visual illustration. This exchange is later reflected
in the calculation of Chern number for the individual stars.

5.3 Analysis of Uniform 3-Band Model with MSR

In this section, we investigate the uniform model obtained in [3]. The Hamiltonian
can be found in Appendix 1.
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An eigenstate of a 3-band model |¥) can be decomposed into 2 Majorana Stars
|A), | B). The Berry curvature of 3-band models can be decomposed into 4 terms. The
derivation is found in Appendix 3. The terms are grouped in the following way so as
to allow for the most illuminating geometric interpretation. 77 and 7, have a simple
geometric interpretation. 7} and 75 are half the differential solid angle subtended by
stars A and B, respectively. However, a simple geometric interpretation for 73 and
T4 has not been found. When we calculate the Chern number for 7} and 7> for the
uniform model, we obtained 1.5 for both. If each star came from its own 2-band
model, this Chern number would be an integer. However, the fact that it is not an
integer is due to the mixing and entanglement of the 2 stars as mentioned earlier
(refer to Fig.5.13) in Sect.5.2.

MU AdY) =Ty + T + 5+ Ty (5.6)
T = Im (dA| A |dA)
T, = Im (dB| A |dB)

_ 1d(Ax B)Ad(A— B)

T3

4 N3

1(AxB)-d(A—B)Ad(A-B)
T, =— )

8 Nj

We proceed to plot the T7, T3, T3, T4 terms separately as shown in Figs.5.7, 5.8,
5.9 and 5.10. Figures 5.11 and 5.12 verify the correctness of the formula.

5.3.1 Cancellation of Divergences in the Terms

The total Berry curvature is relatively flat as we are calculating the Berry curvature
for the uniform model. However, the individual terms T}, T», T5 are not flat as there
are divergences (points where the value goes go infinity). It is observed that there
are four points of divergence for T, T», T3 each. These four divergences are sym-
metric about k, = 7 and k, = m, and the location is numerically calculated to be
around k, = k, = 0.42193227, where f(ky, k) := 2\1122 — 4 W3 = 0. Since the
total Berry curvature does not have any divergences, the first 3 terms’ (7}, 1>, T3)
divergences must cancel to result in a non-divergent Berry curvature. We investigate
this cancellation in the next paragraph.

To investigate the divergences near k, = k, = 0.427 (which we call ky from
hereon for convenience) for Ti, 7>, T3, we proceed to plot Wi (k,, ky), Wa(ky, ky),
fky, ky) fromk, =k, = 0.417 to k, = k, = 0.437. From the graphs (Figs.5.14a,
5.15 and 5.16b), we observe that W and W, are relatively smooth, whereas f (k,, k)
can be approximated as f o (ky — ko) +i(k, — ko).

Plugging this approximation for f into 77, 7, and T3 explains the existence as well
as the cancellation of divergences near ko = 0.427. We shall begin this process.
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Fig. 5.7 Plot of T}

Fig. 5.8 Plot of T»

Firstly, by stereographic projection of the Bloch sphere onto the complex plane,
we obtain Ty, T, in terms of «; = Re(zy), o = Im(zy), B1 = Re(zz), B2 = Im(z,)
[refer to Egs. (5.3.1) and (5.3.1)]. Then, we look at the 73 term, decomposing Eq.
(5.9) into 6 pairwise (¢, a2, B1, B2, 4 choose 2) wedge products (refer to Eq. (5.44)
in Appendix 4.

Ty = Im (dA| A |dA)

2 (5.7
= 2—22(1(11 N d0l2
(1 +af +a3)
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Fig. 5.9 Plot of T

Fig. 5.10 Plot of T4

7> = Im (dB| A [dB)
2 (5.8)

= % 48, Ad
a1 p gl b
T L (A% B)yAd(A—B) (5.9)
= —F X — .
7T AN?
, 31
where Ny = -+ -A-B (5.10)

22
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T1+T2+T3+T4

Fig.5.11 Plotof T1 + 1o + T3 + T4

Fig. 5.12 Plot of Im (d¥| A |d¥)
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Table 5.1 Decomposition of 77, 7>, T3 into wedge products. I' := 1 + oz,z + a%

Term/ day Aday day AdBg day AdpBr day A dBy day Adfr dgy Adpy
coefficient of
2
T, o 0 0 0 0 0
2

T 0 0 0 0 0 Tz

1 1 1 1
£ 2 0 z 2 0 2

Evaluating the partial derivatives found in Eq. (5.44) is a straightforward but
tedious process, which can be achieved with the help of symbolic Mathematica.
Moreover, because we are focussed on kg = 0.427 where f = 0 and therefore
71 = 22 (o) = B1, . = B2), the massive expressions turn out to simplify greatly.
We present the simplification of 9y, (A X B)0y,(A — B) — 0y,(A X B)34,(A — B)
in detail [refer to Eqgs. (5.45)—(5.52)] of Appendix 5 but provide only the result
for the other 5 terms (refer to Table5.1). We look at the divergent terms of
do; A day, day A dBs, doy AdBy,dB) A dB, (because they have non-zero coeffi-
cientin 7T, T», T3). In order to evaluate the wedge products like do; A dorp, we make
use of the approximation for f near k.

f ke, ky) A~ 1.85¢7 077 ((ky — ko) + i (ky — ko)) (5.11)

Evaluating partial derivatives and neglecting non-divergent terms (Appendix 6),
we observe there are two types of terms responsible for divergence at ko: (a) The
1/\/(kx — ko)? + (ky — ko)? term and (b) the 1/,/(k, — ko) — i (ky — ko) term. Both
need to have coefficients (from 7T, T,, T3) that cancel in order for the Berry curvature
to be non-divergent.

185 1 (5.12)
b 1697 \/(k, — ko)2 + (ky — ko)? '
/ i0.7
D, :=Re Lﬁ7az <2> ! . (5.13)
V2, Uy ) ke — ko) —i(ky — ko)

/ i0.7m \7
D; :=Re Lﬁ7az <E> L (5.14)
\/2\1-’1 \Ijl \/(kx - kO) - l(ky - kO)

From Table 5.2, the cancellation of divergent terms is observed. This concludes
our discussion.
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Table 5.2 Coefficients of divergent terms D1, D>, D3 in T1, T», T3. We observe that all coefficients
cancel when T, Tp, T3 is added up. I" := 1 + af + a%

D, D> D3
2 2
dC{] AN d()lz 2 Tz
T
dgi Adp % -3
T
T3 da; A day —% —%
doy A df, - —o
das A dfy -5 =
dpi A dps -5 &
' +1h+ T3 0 0 0

5.4 Conclusion

In this paper, we discussed concept of Berry curvature and explored a model with
relatively uniform Berry curvature from [3] using the Majorana stellar representation
(MSR). We observed and explained analytically the cancellations of divergences in
the Berry curvatures 71—73. Overall, the key result of this paper is the development
of the MSR method (Eq.5.6) and the cancellation of divergences when the MSR
method is applied to the uniform model in [3].

5.5 Further Work

As the MSR method for Berry curvature has not been explored extensively, there is
still plenty of room for further research. We are currently generalising the divergences
analysis to any model and investigating the switching of the stars. The discriminant
function f (k,, ky) is also promising, and exceptional points (points where f = 0)
hint at the possibility of Riemann surfaces and topological characterisation.
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Appendix 1: Hamiltonian of Uniform 3-Band Model

51 2cosk, 2 cosky 2cosk, cosky
76+ P 4+k5k 345'k 4 cosk, sink
_ _ 3sinky cos ky sin _ 3sinky cosk, sink, \ .
H = 3T + ( 3w T 31 )
_3cosky 3 cos k sink, sinky .
5 T 7!
_ 3sink, 4c0<k sin ky 3sink, _ 4cosk,sinky \ .
38 + + 38 31 1
63 _ 4cosk, 4coskv _ 2 cos k, cosk,
95 41 41 17
_ Ssink, _ cOsk,sink, + (= Ssink, _ cosksink, '\ .
3 15 3 5 t
_3 g(z,; k, + 3cos k + sin kx7sin ky i
5sink, cos k sin ky Ssink, cosk, sink, \ .
733 15 + ( 33 + 5 1
2 cosk, _ cosky + 4cosk, cosky
3 28 28 25

Appendix 2: Derivation of the Majorana Stellar
Representation (MSR)

2.1 Schwinger Boson Representation

We begin by first discussing the Schwinger Boson Representation for spin-J quantum
systems [13]. A spin-J Hilbert space is characterised by a basis and spin operators
that act on the basis states. Namely, the (2J + 1)-dimensional space has basis states
givenby |J,m),m € {—J,—J +1,...,J — 1, J}. Spin operators ST, §~, S2, S, act

on these basis states in the following way.

STLm)y=JIUJ+1) —mm+1)|J,m+1)
“om)y=VIJ+1) —mm—1)|J,m—1)
) =
)

SZ|J,m)=JJ +1)|J, m)
S, |J,m) =m|J, m)

The spin operators also obey the su(2) Lie algebra.
Sy = 1(S+ +57)
x - — D)

1
S, = —(St—8"
y 2i( )
[Si, S;]1=ie€ijiSk

(5.15)
(5.16)

(5.17)
(5.18)

(5.19)
