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WARNING: this report contains preliminary findings that have not been peer reviewed.
The findings are intended to provoke further study and policy discussion and should
not be treated as definitive scientific advice in response to the SARS-CoV-2 epidemic.

Whilst we expect these principles to help others formulate coherent and consistent
guidelines, time has prevented any quantitative study of their effectiveness. This could
be undertaken, but would require real data and time to build more detailed simulation
tools. Thus, we are not able to make specific recommendations from the principles, e.Q.
we cannot infer that it is safe to open industry X if you follow principle Y.

Additionally, this report has been assembled in a short time frame, we have made every
effort to ensure references and links are present. Where this is not the case, we apolo-
gies for the unintentional oversight. A live document here will collect any corrections
and important supplementary information.
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Introduction

The purpose of this Reportis to consider principles for workplace operation, based on
sound mathematical arguments, that should be considered as people return to work
after the UK's protective lockdown in early 2020. These principles address the issue of
balancing the need to protect the population against SARS-CoV-2 (COVID19) against
the economic imperative of opening up workplaces and the broader environment.

Broadly speaking this means minimising interactions, and times of interactions, to
avoid infection, but doing this in such a way that o return to normality can be made
as quickly as possible. However, some ways of minimising interaction are better than
others in terms of their effect on

+ disruption to business, workers and society
* the reproduction number and rate of decrease of COVID19 prevalence

* the probability that contact tracing and isolation fails to suppress a local out-
break that could seed a second large wave.

The Virtual Study Group (VSG) focused on applying simple mathematical models in
small teams to explore these issues in different types of workplace, ottempting to
draw on relevant knowledge from the scientific literoture. It was organised by the newly
formed Virtual Forum for Knowledge Exchange in the Mathematical Sciences (V-KEMS),
ajoint initiative between the Isaac Newton Institute (Caombridge) the International Cen-
tre for Mothematical Sciences (Edinburgh) and the Knowledge Transfer Network.

The meeting brought together online a group of over fifty participants, all normally
based in the UK. Most were academic mathematical scientists, from o range of spe-
cialities. Academics from data science, economics, epidemiology, public health, and
behavioural science also took part.

Guidelines versus principles

The UK government must soon provide general guidelines for safe operation of work-
places that are to reopen in each stage of the release from lockdown. The guidelines
themselves must be straightforward to interpret and as unambiguous as possible.
They cannot be comprehensively enforced but must be largely adhered to voluntar-
ily. Therefore public understanding of simple principles that underpin the detailed
guidelines is crucial.
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The guidelines themselves represent a choice made by the government about how
best to trade off many competing needs. They will be subject to revision as evidence is
gathered about their combined effect on the economy, on the functioning of society,
and on the epidemic reproduction number in different parts of the UK,

The YSG was set up to respond to arequest to providing “principles” about how to mod-
ify the operation of an individual workplace in order to reduce viral transmission, "all
other things being equal”. Note that the principles are not directly intended to enable
decisions about which workplaces may reopen and which must remain shut. Instead
they are intended to create guidelines that will inform the design of safe workplace
operations and scheduling once it has been decided that a particular workplace is to
reopen

Limitations of the Study Group

The Virtual Study Group (VSG) was planned and implemented in under a week, it ran
for just two days, and this report was produced in one further day. Thus, the study
group therefore had to produce its output without the input of complex modelling of
the pandemic, modelling of social behaviour, or use of large datasets.

This report is not intended to contribute to the scientific predictive modelling of the
COVIDI19 epidemic.

We mainly steered clear of the following ethical minefields:

+ different rules for different people based on what a mathematical model says is
their relative likelihood of being infected

+ giving certain extra rights and responsibilities to holders of immunity certificates

* rules putting people at more or less risk at work depending on their domestic
circumstances

While there are strong mathematical arguments in favour of each of these, their ac-
ceptability or employment are not mathematical questions.

Transmission via contaminated surfaces appears to be important for COVID19, but for
reasons of time and lack of data, most work in the study group considered only direct
transmission from close human contact.

The report is intended to be useful for non-experts. But having been produced col-
laboratively in a very short time, inevitably technical ond specialist language remains.

Page 6



Mathematical Principles for Unlocking the Workforce - Working Paper

There is some overlap between the principles proposed by different teams at the study

group.

This report has not been peer-reviewed. It contains the rapid opinions of many con-
tributors based on numerous simple mathematical models, some of which could form
the basis for further scientific study.
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Background

A quick refresher on the reproduction number R, and how mathemati-
cal epidemiologists use it

There has been much public discourse about the reproduction number R of the COVID-
19 virus. We are often told that "'we must reduce R" or "we must keep R below 1'. The
reproduction number varies over time as an epidemic proceeds, so it is sometimes
denoted R;. Its initial value near the beginning of the epidemic, in the absence of any
control measures or immunity, is denoted R,. Thus we do not speak about trying to
change Ry, only about trying to change R. But what precisely is R? It is the mean
number of people to whom a "typical infected individual’ transmits the viral infection.
Notice that this is not the same as the mean number of people to whom a person
drawn uniformly at random from the population would transmit the infection. Nor is it
the mean number of people that "you" (being very careful and responsible) would ex-
pect to transmit the virus to, were you to be so unlucky as to acquire the virus today.
Why are these not the same? Because individual characteristics and circumstances
make some people very much more likely to be infected than others. This fact is very
important and underlies all serious mathematical thinking about the spread of epi-
demics through populations. It also underlies a lot of the thinking that was done at
the study group.

Whether R is greater than one (R > 1) or less than one (R < 1) is very important. When
R > 1 then the epidemic will grow in the long run (until acquired immunity or control
measures reduce R below 1). But if R < 1 then the epidemic will shrink and die out in
the long run. This caon be made into a rigorous mathematical theorem about some
fairly realistic mathematical epidemic models. More importantly for studying real-life
epidemics, this fact about the threshold ot R =1 is robust to the differences between
the abstract mathematical models and real life.

When R > 1, knowing the value of R alone does not tell us how quickly the number of
infected people will grow (usually measured by an "exponential growth rate” r, a small
number such as 0.14). For this we also need to know how likely the virus is to be trans-
mitted at different stages of the course of one typical infected individual's infection.
This is turn is affected by how severely ill they become and whether they isolate at
some point during the course of the infection, so it is not purely a matter of biology.
Likewise when R < 1 then knowing the value of R does not tell us how quickly the num-
ber of infected people will shrink, (measured again by r, now a negative number). But
it will eventually shrink to 0.
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R also varies from place to place. It is no use if R is below 1 everywhere across the
country except in one city where it is above 2 for several weeks, because that city will
then experience a large outbreak, which in turn will export lots of infections to those
areas where R was below 1 unless it is sealed off.

Principles for running hot and for running cold

We will use colours to emphasize the principles that are useful in two different national
situations.

* Red principles are for pushing down R in a "running hot" situation where the pro-
portion of infected individuals in the population remains unacceptably high and
we must maintain R < 1 everywhere in order to stay on the downslope of the epi-
demic.

* Blue principles are appropriate for the "running cold" situation when the propor-
tion of infected individuals is acceptably low and we may resume (close to) normal
life, but dangerous outbreaks are still possible (for example seeded by imported
cases). Outbreaks are suppressed by tracing the contacts of suspected or con-
firmed cases. The contacts are isolated either for 14 days or until a test of the
suspected case is returned negative.

In the running cold situation the value of R is kept artificially low by the contact tracers,
because the "typical infected individual” is likely be found and isolated quickly before
spending much time in the highly infectious state. The running cold situation is highly
desirable to reach because most of normal life can resume, and we merely have to
adapt our practices to "minimize the probability that an outbreak occurs that exceeds
the capacity of the contact tracers to chase it down'. That event would effectively
return us to running hot. Running cold with contact tracing means that we can live
our life in a way that would result in R much greater than 1 if it were not for the contact
tracers. Running cold will not eradicate the virus because we will continue to import
infectious but asymptomatic cases.

At the time of writing, May 1st 2020, the UK is still running hot, while South Korea is
already running cold, after being an early centre of the epidemic.
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Mathematical models of contact tracing for COVID-19

There are several recent mathematical epidemiology papers about the feasibility of
suppressing COVID-19 outbreaks using contact tracing and isolation, among which we
mention two. Hellewell et al (Feb. 2020) 2 studies a mathematical model of an epidemic
outbreak fought with contact tracing and isolation of contacts in order to look at the
relationship between Ry (here standing for what R would be without the contact tracing
and isolation, but perhaps not in the complete absence of other control measures),
incubation and infectious period, probability that each contact is traced, and the time
delay in tracing and isolated contacts. When R, = 1.5, they found only 50% of contacts
had to be traced to contain an outbreak; for Ry = 2.5 this rose to 70% and for Ry = 3.5
it rose to 90%. Minimising the delay between symptom onset and isolation was also
found to be crucial.

Ferretti et al (Mar. 2020) 3 used the latest estimates then available of COVID19 infection
dynamics and case count data from the Hubei outbreak to study the effectiveness
of contact tracing, and concluded that traditional "manual” contact tracing would be
insufficient to prevent outbreaks "in the absence of other measures to reduce trans-
mission’, but that contact tracing assisted by location-sensing and proximity-sensing
technology would be required.

Responsibility, non linearity and traceability

There is a huge variety of workplaces in the UK, and it will not be possible for the
UK government to provide fine-grained guidelines that apply meaningfully to each
one. Instead some "responsibility” must be given to employers to use the principles to
develop their own detailed COVID19? plan with a view to the safety of all users of the
environment over which they have control, including their employees*

There is an important but more subtle responsibility that goes beyond common sense,
because it arises from a "highly nonlinear effect”. Unlike ordinary health and saofety
rules, these new decisions to be made about a workplace’s operation will have a sig-
nificant effect on the risk to the population as a whole. This is because people who
acquire COVID-19 on the premises may go on to seed a cascade of subsequent infec-
tions. If enough people acquire the virusin one place in a short interval of time and are
not then found by the contact tracers, a local outbreaok may quickly arise that could

2 https://www.thelancet.com/pdfs/journals/langlo/PII152214-109X(20)30074-7.pdf

8 (https://science.sciencemag.org/content/early/2020/04/09/science.abb6936

4 For information as to how the New Zealand government is asking employers to make such plans, see
https://worksafe.govt.nz/managing-health-and-safety/novel-coronavirus-covid/covid-19-safety-plan-w

hat-you-need-to-think-about/.
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exceed the capacity of contact tracing to suppress. Such an outbreak would require
a new lockdown to be imposed on the affected region.

Fortunately, contact tracing and isolation increase the direct incentive for employ-
ers to modify the pattern of human interaction on their premises in beneficial ways,
because they will wish to minimise the risk of many staff being placed in isolation si-
multaneously due to a single chain of infection occurring on site. Employers could
therefore benefit from understanding the principles that we will describe.

The feasibility of running cold by contact tracing and isolation depends on many fac-
tors, including

+ the number of skilled contact tracers available®

+ people’s honesty and co-operation in admitting that they are unwell with possi-
ble COVID1? symptoms, immediately isolating themselves, and engaging with the
contact tracers

+ the population’s willingness to be tracked, e.g. by a contract-tracing opp, and

+ a typical infected person’s daily number of "untraceable contacts’

It is the last one of these factors that is the target of the blue principles in this report.

5  seehttps://www.cdc.gov/coronavirus/2019-ncov/php/principles-contact-tracing.html to understand the
skill set required.
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Assumption on Categories of Worker

There is evidence that the probability of infection in a close contact between individ-
uals depends strongly on the length of the contact, rising rapidly aofter a critical time
t. of around ten minutes, say. The closeness of contact is also very important, which
is the reason for imposing a critical length, I, typically taken as 2 metres, as a social-
distancing control measure. Jobs may be arranged in a rough order that combines
the duration of contacts and closeness of those contacts to quantify this infection
risk per contact.

The number of contacts is also important. The average rate of infections transmit-
ted from an infectious worker increases with the size of the group the worker interacts
closely with. We have discussed, above, the difficulty caused by untraceable contacts,
in the running cold setting. We combine these factors roughly into a scale going from
a "closed” workplace (where a worker typically interacts with few, known co-workers)
to an "open” workplace (interacting with many unknown transient co-workers or cus-
tomers). The closed workplace has the advantage that the number of people that can
be reached in two or three generations of the infection from a single worker is much
smaller than in the open workplace situation.

These two 'dimensions” seemed a good starting point for clustering different work-
places to which similar general safety principles might apply.

Accordingly, the workshop considered the four cases of long and short interaction
times with open and closed groups. In each case the workshop considered principles
of safe operation appropriate to each of these cases. These are illustrated in the
diagram below, in which we show some representative personae in each quadrant. By
focusing on each persona and the environment in which they work, it is possible both
to consider principles relevant to that persona, to test them and to consider caveats
for using them.

After a session on framing the problem, the study group divided into four teams, one
for each quadrant of the diagram, corresponding to four categories of worker cate-
gorised according to the nature of their working-time interactions:

* Long interactions within closed communities
* Long interactions with an open community
* Short interactions within closed communities

+ Short interactions with an open community.
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Openness of worker interaction

" " . " N " "
Closed First degree contract tracing "sasy Open

. Primary Secondary .

Carehome Sehool Schoal

Worker Teacher . Tescher .
8 . Hairdresser

Call centre operator
Bin persen

Interaction time
(g]

. Bus driver
Museum
Waorker .

Postal Worker Courier
Figure 1: Fraomework by which the mathematical scientists approached this challenge.

This YSG Report considers 21 principles appropriate to these four different kinds of
working environments. In each case we give a mathematical rationale behind the prin-
ciple and test it out on appropriate simple models, undertaking simulations as appro-
priate. However, the work to-date has been carried out under much uncertainty about
the modes of infection (both short and long term) and consequently caveats for each
of the principles must be considered.
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Principles

Atotal of 21 such principles were proposed by the VSG, which have been worked though
in various levels of detail. We have loosely grouped these by type, but time has not
ollowed us to avoid unnecessary overlap. Most of these principles are listed below,
together with a short description for each. At the end of this document we offer math-
ematical descriptions for two of the principles, as exemplars.

Note that the principles are not directly intended to enable decisions about which
workplaces may reopen and which must remain shut. Instead they are intended to cre-
ate guidelines that will inform the design of safe workplace operations and scheduling
once it has been decided that a particular workplace is to reopen.

The "Firebreak” Principle

Partition the population / workforce as far as possible into groups that don't interact
/ intersect. (This is the firebreak principle used e.g. for building safety - infection might
spread within the group but cannot be transmitted to other groups.)

* "Minimising Total Contacts” Principle: In a closed workplace such as an office
where we can control exactly who interacts with whom, and where there is a policy
of "if person X gets infected, everybody in their immediate neighbourhood/group
is isolated’, then we can limit the chances of an outbreaok infecting an entire co-
hort by reducing the number of other people each person interacts with. The
mathematical analysis for this principle is demonstrated in Appendix A.2.

* "Islands and Bridges" Principle:

Even when the Firebreak Principle of complete isolation cannot be fully imple-
mented, there is still value in trying to structure workplaces into smaller groups
“islands" where there are many interactions within groups, but few interactions
(‘oridges’) between members of two different groups (see Figure 2).

These group divisions can be naturally arising from the setting (e.g. science stu-
dents at a sixth form college) or artificial (e.g. ask Uber to pair clients and drivers
whose surnames begin with the same letter whenever possible).

+ "Partition by Surname’ Principle: The effects of applying the above principles in
a particular setting (e.g. o school or workplace) will be to some extent negated if
the "islands" are mixed outside of that setting.

To minimise this, the use of labels that can be consistently applied across all set-
tings is recommended. Automatic partitioning could be undertaken as a national
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Figure 2: Grey shaded areas represent "islands” links between islonds are "bridges”, links within
islands are not.

scheme based on a phone app, with labels created uniquely by, say, National In-
surance number.

+ "Stay in two postcodes” Principle: Encourage people and businesses not to travel
or operate beyond their local area wherever possible. The oft-mentioned expo-
nential growth of an outbreak is not possible if it is constrained in space.

We propose to organise this by postcode areq, for example allowing people to
move freely only in destinations within at most two postcode areas (i.e. the first
three digits). This has the advantage of being easily understood and also adap-
tive to population density (e.g. cities have smaller postcode areos.)

* "No Stigma" Principle: Making behavioural decisions based on your own estimate
of your risk of currently being infectious but asymptomatic could become built
into everyday behaviour and become automatic and a source of pride. A kind of
smart rationing of time allowed in crowded places?

For an incentive (e.g. a trip to the pub or hairdresser) you could voluntarily make
known to everyone else what your relative probability of being infectious is. A
smartphone app could score your current risk based on your recent history. Then,
if necessary, you could decide (or be forced) to avoid contacts, face-to-face meet-
ings etc for a while when your score gets above a threshold. This could be applied
to both the workplace and elsewhere.
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"

Fixed-Desk" Principle

In the workplace maintain one-to-one or one-to-few interactions wherever possible.
(This is the fixed-desk principle - ensure shifts times of staff are in phase; bus drivers
are assigned on the same routes at the same times and with the same buses; hot-
desking is banned.)

* "Nesting" Principle: When workers interact with o closed group of clients, the
group of clients that any two different workers interact with should be distinct. If
this is not possible, then one should be fully contained in the other. This may be
achievable by appropriate scheduling of the workers.

Figure 3 indicates, on the left, the situation when the same group of clients is only
ever served by one worker from each shift. If this is not possible, then, as shown
on the right, keep clients distinct for at least one shift of the workers (here the
yellow shift).

> Versus
()

Shift 2
Clients Workers Clients Workers

Figure 3: Nesting Principle

+ "Align Your Cohorts" Principle: Thisis an extension of the nesting principle. When-
ever possible people should try to align their contact networks across different
activities (work, sport, school, etc). This also applies to families. This means peo-
ple who work together should also work out together, their children should play
together etc.
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* "Bubble Scheduling” Principle: The principle is to separate all people in a given
context (e.g. workplace) into groups (islands/bubbles), and then schedule these
groups together throughout their time in that context. The aim is to create the

best possible schedule for separating distinct bubbles in both space or time (see
Figure 4).

Figure 4: Scheduling the 'bubbles’.

* "Non-mixing" Principle: Aim to avoid mixing in corridors and shared spaces by:
staggered start, finish and break times; introducing one-way systems; keeping
groups in one room or "home space” for as much time as possible.

* "Minimising Changeovers" Principle: Schedule rotas in such a way as to minimise
changeovers between groups using the same spaces. In schools this could relate
to block timetabling (o bubble of students do a week of science in the science
lab, followed by a week of computing in a computing lab, followed by a week of
English in a standard classroom).
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"Table-Service' Principle

Turn many-to-many into one-to-many interactions where possible. (This is the table-
service principle - avoid counter service in restaurants; checkout tills could be as-
signed to shoppers by surname.)

* "Manage the crowd’ Principle: In a situation where there is a large crowd with
many possible interactions (such as a supermarket) manage the crowd in such a
way as to minimise these interactions.

* "Pruning’ Principle: Business in the service sector, such as at-table service in
a restaurant, often involves key individuals interacting with an open group. (An
open group is one with a changing population, such as shoppers in a supermar-
ket, wheres a closed group has a fixed cohort.) The interactions of these should
be 'pruned’ so that the key individuals do not pass infection between separated
groups, they spend minimal time with each group, and they have as few interac-
tions as possible to deliver an effective service.

* "Managing the Queue’ Principle: In certain open situations the crowd becomes a
queue. An example would be a taoke-away or a coffee shop or a reception desk at
a hotel or business. In this case the queue can be managed more easily to reduce
the risk of infection. However, there are economic considerations as to how long
a customer should wait in a queue, how many servers there should be, and how
the safety of the queue (where people will be stationary) is affected by the use of
Personal Protective Equipment (PPE).

* "Make a Chain" Principle: Consider a workplace in which the workers have a small
number of interactions, but some are unavoidable. How can such interactions be
made more safe?

Figure 5: Making o chain between workers to increase their average-'distance’.
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A configuration that appears safe is the star graph - everyone in the workforce
interacts only with a single central point (maybe a supervisor or manager). This
naively seems good because almost everyone interacts with only one person; how-
ever globally it is bad as the average distance (measured in some abstract rather
than necessarily physical sense) between workers is low.

A safer model is a chain (see Figure 5). Rather than everyone interacting with one
central node, workers interact only with their neighbours; there is no single point
of failure and the average distance between workers has increased significantly.
For restaurants this implies partitioning wait-staff to allow each to serve unique

clusters of tables.
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"Poorly-Exclusion’ Principle

Adjust working/shift patterns to allow regular testing/periodic lockdown for people
who have to interact with many individuals or groups. (This is the ‘poorly-exclusion

principle - remove nexus staff (potential super-spreaders) before they become infec-
tors)

* "Week On - Week Off Scheduling” Principle: The key idea is that week on - week
off schedules reduce transmission rates (see Figure 6). Segmenting the workforce
(pruning) can also be achieved by scheduling the workforce (with days off) to re-
move overlap times between two teams: those who work odd weeks and those
who work even weeks. This fortnightly week on - week off rota seems very practi-
cal (more practical than 4 days on - 10 days off 9). It has the benefit that a worker
who becomes infected at work is likely to spend the maojority of the dangerous
time when they are infectious but not yet symptomatic at home, not passing on

the infection to other workers. This principle is discussed in mathematical detail
in Appendix Al

Working rotas
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Figure é6: Simulated transmission for week on - week off working rotas. (Top) Rota profile and
(Bottom) expected transmission for two rota scenarios.

6 Alon et al (2020+), 'Adaptive cyclic exit strategies to suppress COVID-19 and allow economic activity”.
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* "Traceability” Principle: One could change business models, particularly regard-
ing booking and payment methods to make contacts more traceable. For exam-
ple, booked taxis (or ride-hailing apps) lead to a trace which contact tracers could
use to connect the infected passenger to the driver and subsequent passengers.
Ordinary taxis picked up at ranks or hailed on the street, with cash payment,
leave no such trace. Many other informal businesses taking cash have similar
problems, such as walk-in barbers.

* "Optimize Face-to-Face Time" Principle: Prioritise the use of face-to-face time to
ensure that it is used in the best way to achieve the objectives of the organisation
involved.

For schools this may be provision of PE, technology lessons, drama, science labs.
For other subjects, look at a mixed approach where one lesson a week/fortnight
is face-to-face and others are online. Some children could have more lessons
in school than others if this is needed (e.g. vulnerable categories, poor internet
access, key worker parents).

For healthcare workers, this could involve continuing / increased use of tele-
medicine for check-ups with patients only attending clinics when a physical pro-
cedure or examination is really necessary.
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Two Examples of the Principles in Action

Basic model of the effect of fortnightly rotas, using estimated COVID-19
incubation and infectiousness parameters

“Week On - Week Off" Principle

We use a simple model of incubation period and infectiousness of Sars-CoV-2 (a slightly
simplified version of the mathematical model taken from Imperial College report 16) to
understand the effectiveness of on-off work rotas with a 14-day period.

Scenario 1: A business employs two part-time workers who share a job. They can both
work S weekdays each fortnight. Is it better for them to alternate working days or each
to work one week on, one week off, alternating weeks between them?

Scenario 2: A business employs two workers, each of whom can do the other’s job, or
easily be trained to do so; one job is "high contact, open, high risk” and the other job
is "low contact, closed, low risk”. They both work Monday to Friday. What is the benefit
of making them swap jobs every week?

Simple model: start with an uninfected and susceptible individual. Assume that the
daily hazard rate for getting the infection while working is pyo-x oNd while ot home is
Phome. We will mainly look at the case where piome is much smaller than pyore. Assume
that the incubation period is random with a certain distribution (mean 5 days, vari-
ance S days??). Assume that ofter the incubation period the infected worker becomes
infectious. They then transmit infection while at work according to a Poisson process
whose rate is the product of p,..« and a time-varying infectiousness parameter, which
follows a certain temporal pattern (in the Imperial College report it is the density of o
Weibull distribution, but we could use something simpler). While at home they transmit
ot prome times infectiousness. Then it is easy to compute the expected total number of
infections that the worker transmits to other people over the course of a few months.
(Our model for infectiousness only needs to specify the mean infectiousness on each
particular day after infection occurs). We should make sure that the overall scalar con-
stant is such that the sum over all infected days of mean infectiousness is a sensible
quantity, e.g. 5, so that for the high contact - low contact rota, we just have three states
instead of tWo: prigh, Piows Phome-

Questions:

1. S days on / 5 days off sounds a lot more practical for scheduling workers than 4
days on / 10 days off. How much less effective is it?
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2. Instead of on-off, we could do a rotation between high-contact and low-contact
roles, again in a 5 days high / 5 days low pattern.

3. What proportion of people actually have the ability to do both a high-contact and
a low-contact role? Maybe this is not common enough to be worthwhile making
into a principle?)

Details of our model

1. discrete time (one day per discrete time), periodic on a two-week period.

2. incubation period I is random, supported on 1,.,10 days, with probability distribu-
tion I'(5,1)

[0.0037,0.0497,0.1341,0.1893,0.1912,0.1578,0.1138, 0.0745, 0.0454, 0.0261]

3. "infectiousness” 3(n) on day I + n is given by (the same vector for now!)

[0.0037,0.0497,0.1341,0.1893,0.1912,0.1578, 0.1138,0.0745, 0.0454, 0.0261]

Therefore expected infectiousness e¢(n) on day n after infection is "proportional”
to I'(10,1). We approximate this by the following discrete distribution (supported
on [1,20]):

[0.0000, 0.00106, 0.00705, 0.0238, 0.0522, 0.0858, 0.114, 0.130, 0.130, 0.118,

0.0984,0.0768,0.0566, 0.0397, 0.0266, 0.0172,0.0108, 0.00654, 0.00387, 0.00224]

4. Over our 14-day period, (indexed starting on Monday of an "on" week as day 1), on
day d the rate r(d) ot which our worker gets infected is r(d) = c.p(d), which varies
as follows, in the base case, repeating periodically with period 14:

[C-pworka C.Pwork; C-Pworks C-Pworks C-Pwork; C-Phomes C-Phome)

C.Pwork s C-Pwork; C-Pwork; C-Pwork s C-Pwork C-Phome; C'phome]~

Here c is a constant depending on the prevailing rate of infection in the populo-
tion, and the constants pyorx AND prome are just supposed to be a function of the
types and amount of contact that our worker has with potentially infected others
on a work day or on a day at home, respectively. The constant ¢ will come out in
the wash when we compare different rotas.
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5. In the modified one week on / one week off rotaq, r(d) follows the repeating pattern

[C-pworka C.Pwork; C-Pwork s C-Pworks C-Pwork; C-Phomes C-Phome)

C.Phomes C-Phomes C-Phomes C-Phome; C-Phome; C-Phome; C'phome] .

6. To investigate the rotating high contact / low contact scenario, in the base case
our worker's daily infection risk r(d) might follow the repeating pattern

[C Phigh + Piow ¢ DPhigh + Piow c Phigh + Piow c Phigh + Plow c Phigh + Diow
’ 2 T 2 T 2 T 2 o 2

y C.-Phome>s C-Phome;

c DPhigh + Diow c Phigh ~+ Diow c Phigh + Diow ¢ Phigh + Diow c DPhigh + Diow

2 ) 2 ) 2 ) 2 ) D) s C.Phome> c-phome}-

while in the modified schedule it follows the pattern

[C-phigha C.Phighs C-Phighs C-Phighs C-Phighs C-Phome; C-Phome)

C.Plow s C-Plow s C-Plows C-Plow s C-Plow s C-Phome; C-phome]-

7. If day d is the n" day ofter infection, the expected infectiousness of our worker on
day d is e(n)p(d). Or to put it another way, if our worker is infected on day d then
on day d +n her infectiousness is e(n)p(d + n).

8. Notice we are assuming a symmetric contact scenario, so that the rate at which
the worker gets infected and the rate at which she infects other people vary in the
same way, up to a multiplicative scalar, depending on whether she is at home, at
work, in the high-contact role, or in the low-contact role.

9. Therefore the expected number of people that our worker eventually directly in-
fects, per fortnight of exposure, is

14 20
E(others infected) = ¢ " p(d) Y _ e(n)p(n + d).
d=1 n=1

10. This scales linearly in ¢, but our aim here is only to compare two different rotas
with comparable values of chlilp(d), say, so the overall scaling constant ¢ can be
ignored.

Take for example puort = 0.6 AN prome = 0.02, meaning that both the infection risk and
the opportunity to pass the infection on are five times as high ot work as they are at
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home. We compare the base case (working both weeks Monday to Friday) with the 5
days on / 9 days home roto. In the base case we have

E(others infected) = 2.6652¢.

In 5 days on, ? days off

E(others infected) = 0.5241c.
In the alternating days rota, our worker is at work on Monday, Wednesday, Friday on

week 1then Tuesday, Thursday on week 2. (And the worker they job share with does the
same but shifted by a week so that they dovetail) Then we get

E(others infected) = 0.727c.

So this is not as good as 1week on, 1week off, but it still substantially less than half of
the base case.

Working rotas
T

Qer ‘ f \ [ \ \ f | ]
04 b il \ A \ f FL5) o
02 |/ {1 Y g \ [ | -

V / \ \ A | | = \
0 1 . | I + | 1
0 5 10 15 20 25 30 35 40

05 Expected transmissions arising from infection on day d
. T T T T

0.4 - 7
0.3 - b

\ N

Figure 7: Colours: red is five days on / 9 days off, blue is base case and green is alternating
days. For clarity, the plot is not showing expected transmission ‘conditional’ on our worker being
infected on day d. It is small for every day that is spent at home because the risk of becoming
infected there is very small for the above parameters.
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Figure. 7 shows a comparison between these three rotas: the x-axis is indexed by days
of the fortnightly repeating period. The y-axis in the top plot shows p(d) for each rota
(colours are ... ). The y-oxis in the lower plot shows the expected number of transmis-
sions resulting from events in which the worker gets infected on day d.

For the rotating roles problem, take for example pyign = 1.0, piow = 0.2, so that % =
1.0 and prome = 0.02. The "averaged” version where the worker does each role for half
of each day is the base case again (so we get 2.6652¢). But with week-high / week-low
rotation (with these numbers) we get

E(others infected) = 2.2764c.

This 14% lower than the base case, which has the same value of 234:1 p(d). This is shown
in Figure 6.

Conclusions and caveats

Our model is very simplistic, and we only considered one-step infections; we did not
take account of the fact that a rota system might itself make the daily risk of being
infected at work be non-uniform, due to transmission between co-workers. The model
is most appropriate when the infection and transmission risk are mainly to members
of the public rather than colleagues, in which case we would expect the second order
effect of rotas on transmission between coworkers to be relatively small.

It looks as though in the situation where the risk of infection on days off is very low
compared with the risk of infection ot work, it is substantially better for a job to be
shared between part-time two workers who alternate weeks than it is for a single worker
to do the job full-time and the other worker be furloughed. The 5 days on / 9 days off
rota looks somewhat better than the alternation of working days.

The effects were much less marked when the ratio of risk at work to risk at home was
not so high (for example a ratio of 2 or 3).

It is not clear that the sort of flexibility in rota assignment that we have assumed is
available to a very large proportion of the workforce; however this could offer an im-
provement during a time when businesses return to operating half of the time or at
half-capacity.
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Low degree interactions / wide isolationsphere (contact tracing)

“‘Minimising Total Contacts" Principle

Outline conclusion: with rigorous contact tracing and interactions limited to only a
few people per person, infections should not spread far. With more than a few interac-
tions, it is unlikely that contact tracing will prevent an infection spreading through an
entire cohort.

In o closed workplace such as an office where we can control exactly who interacts
with who, and where there is a policy of "if person X gets infected, everybody in their n-
neighbourhood is isolated” (see Figure 8), then we can limit the chances of an outbreak
infecting an entire cohort by reducing the number d of other people each person in-
teracts with. The more rapidly that employees report having symptoms, the larger d

can be, but it must never be allowed to become very large.

Estimates for d for some plausible-sounding parometers are given in the rationale
section. It does not get very big (d = 6 even in favourable circumstances and with n =2
levels of isolation), suggesting this approach might not be useful in schools, which
have high-degree interactions. It grows, but not very quickly, with n.

We considered but did not investigate including strategic testing in our model.

7
COHORT / ISLAND

Isolationsphere (n=1)
Person 0

' d=3 interactions per person

NN

Figure 8: Dots are people, edges are allowed interactions. We assume that when person 0 dis-
covers they are ill that everybody in the circle is isolated, and therefore cannot infect anybody
else. We aim to control the number of infections that occur just outside the circle.
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Caveats:

* This should be used in combination with cohorting (i.e. disconnecting the graph),
since it only limits the chances of an uncontrollable outbreak.

+ We took a simplistic model that assumed each person-to-person interaction has
an equal rate of infection, and that the rate is gamma distributed. Actual realistic
parameters are not known.

* We assumed the original infected individual is oware they are infected, and re-
ports it, after a fixed amount of time.

Rationale:

+ At time 0, person 0 gets infected.

* They interact with d people, who each interact with d people, etc... This makes a
connection graph of degree d.

* They realize they are infected aofter R days (R for realize). R is a random variable,
but we'll treat it as fixed for now (e.g. R = 6).

+ At this point, everybody n steps away in the graph is isolated, and we assume
therefore cannot infect anybody else. If n = 0 it means only person 0 is isolated. If
n =1, person 0 and their contacts are isolated. This is the "isolationsphere”.

* When person i is infected, and they interact with person j, they become infected
after T; ; days, unless the person i was isolated first.

* Let'sassumeT; ; arei.i.d. (reasonable, but does not account for different strengths
of interaction)

* Let's assume they are I'(k, §) distributed.

* Then a personn+1 steps away from person 0 (i.e. just outside the "isolationsphere’)
gets infected after time I'((n + 1)k, 0) distributed (unless an isolation prevented it).

* The probability p, one such person is infected is the probability a sample of this
distribution is less than R, so p, = cdf(I'((n + 1)k, 0), R).

* There are d"*! such people.

+ The expected number of infections just outside the "isolationsphere” is p,d"*!, so
for the outbreak to not spread uncontrollably we need this less than 1. (Note: there
is independence between infections, how does that change things?)
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So require d < d,, = p, /Y,

We also expect 1 + pod + p1d? + ... + p,_1d" infections within the "isolationspher'e,
ond want to keep this small too, presumably.

For example, if T ~ Exp(6) = I'(1,6) oand R = 6 then dy = 1.6, d; = 1.9, dy = 2.3.
If instead R =3thendy=26,d; =3.3,dy =4.1.

If T~ T(3,2) (some mean as above but more concentrated around the mean, so a
longer time before becoming infectious) and R = 6 then dy = 1.7, d; = 3.5, dy = 6.4.

f T ~ EXp(Q) then do=1.05,d; =1.1,dy = 1.2
If T ~ Exp(10) then do = 2.2, dy = 2.8, d = 3.5.

So the larger the "isolationsphere’, and the earlier isolation occurs, the larger d
can be.

If T ~ Exp(6) and R = 6 if we were to allow different values for d then n would have
to increase accordingly: (d =2,n =2); (d=3,n=4);(d=4,n="7); (d =5,n = 10).

d 2 3 4 S
n 2 4 7 10
peopleisolated 7 121 21,845 12,207,031

if T ~ Exp(10) and R = 6 we would rather have: (d =2,n=0); (d=3,n=2); (d=4,n =
3); (d=5,n=5).

d 2 3 4 5
n 0 2 3 S
peopleisolated 1 13 85 39206

if T ~ Exp(2) and R = 6 then we have: (d = 2,n = 10); (d = 3,n = 18); (d = 4,n = 26);
(d="5,n=34).

d 2 3 4 )
n 10 18 26 34
people isolated 2,047 581,130,733 6 x 1015 * 7x10%*

*i.e. everyone on the planet

dtt -1
d—1

people isolated =
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Figure 9: Isolationsphere size versus interaction number for distinct incubation times.
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Figure 10: Number of people to be isolated versus interaction number for distinct incubation

times.
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Simplified model

If one person infects Po()\) people then nth neighbourhood is Po(\"). So threshold for
escaping (comparison of mean to 1) is same in each case, but small case behaviour
could differ.

Probability of escaping n degrees of quarantine (everybody within distance n of an
initial individual) is approximately 1 — (pd)"*!. Even if R drops to 0.7 then we would need
eight degrees of quarantine to contain an outbreak with 5% probability. At R = 0.5 we
would need four degrees.

This ignores time delays in transmission. But it tells you that even if you have an en-
vironment in which transmission is well controlled, if contact tracing is not performed
quickly then extremely aggressive quarantining is necessary to prevent an infection
escaping to the general population.
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List of Acronyms

PPE Personal Protective Equipment
V-KEMS Virtual Forum for Knowledge Exchange in the Mathematical Sciences

VSG Virtual Study Group
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