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A B S T R A C T

The Covid-19 pandemic has had a large impact on the world. The virus spreads especially easily
among people in indoor spaces such as restaurants. Hence, tools that can assess how different
restaurant settings can impact the potential spread of an airborne virus and that can assess the
effectiveness of mitigation policies are of high value. Microscopic pedestrian models provide
the tools necessary to assess the detailed movements of people in a restaurant and with that
the risk of virus transmission. This paper presents the application of a microscopic pedestrian
model, including a novel activity choice and scheduling model, to assess virus transmission risks
in restaurants. Simulation experiments identify that different factors impact virus transmission
risks in a restaurant. Contacts between restaurant staff and customers are the driving factor for
virus transmission in a restaurant whereby especially staff presents a big risk. Hence, mitigation
policies focussing on these interactions and on preventing staff from transmitting the virus
can be highly effective. The results also show that different restaurant layouts and setups
lead to distinctly different transmission risks. Therefore, insights obtained from simulating one
restaurant cannot be just transferred to any other restaurant. Together, these results show the
added value of including pedestrian models in disease transmission risk modelling exercises
to mitigate the impact of a pandemic caused by an airborne virus. However, the research
also shows that, to better utilize the potential of pedestrian models for disease transmission
risk modelling, future research of pedestrian activity scheduling behaviour in indoor spaces is
necessary.

1. Introduction

Since its introduction at the end of 2019, the SARS-CoV-2 virus has had a major impact on the world. Next to the direct impact
of, among others, a worldwide death toll in the millions and a many-fold of hospitalizations [1], measures to curb the spread of
the virus such as lock downs heavily affected many societies [2]. Next to vaccination, a group of measures, collectively known as
non-pharmaceutical interventions (NPI’s), are the primary tools of countries worldwide to reduce virus spread. Well-known examples
of these NPI’s are physical distancing regulations and face masks. A lot of these measures focus on limiting the virus transmission in
indoor environment, such as shops, restaurants, public transport and schools, as this is the primary location where virus transmission
takes place [3]. However, the question is, how effective are these different measures in preventing or reducing the transmission of
the virus in these indoor environments?
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Modelling of virus transmission is a common method within the field of epidemiology to obtain insights into the spread of a virus
nd how different measures, both pharmaceutical and non-pharmaceutical, might affect this. In the case of the SARS-CoV-2 virus,
he value of mathematical modelling is also widely recognized and models are widely used especially to inform policy makers [4–6].
hese models come in various forms, such as compartmental, network or agent-based models [7], all of which have their strengths
nd limitations. What these risk assessment models have in common is that they lack the ability to provide detailed insight into
ow the activity and movement dynamics of people in indoor spaces affect the virus transmission, and therefore also the potential
mpact different measures can have on the virus spread. Yet, more specific insights on the impact of movement dynamics can be
f added value to policy makers by providing more detailed information about how the specific function, layout and setup of an
ndoor space relates to the probability of virus transmission and the effectiveness of different mitigation strategies. Furthermore,
hese insights could assist owner/operators of indoor spaces, such as restaurants, schools and museums in setting up their indoor
pace as safely as possible.

Models from the field of transportation, and in specific the field of pedestrian dynamics, can reproduce these detailed
ehaviours of people in indoor spaces. For different types of indoor environments these attempts have been made. Xu and Chraibi
8], Harweg et al. [9] and Tsukanov et al. [10] all use pedestrian models to estimate virus transmission risks in a supermarket
hilst Alvarez Castro and Ford [11] and Li and Yin [12] focus on university campuses and Xiao et al. [13] and Sajjadi et al. [14]
odel generic public spaces. These studies use different ways to estimate the transmission risk including the SEIR model [11,14],

xposure time [12,13] or distance related metrics [8,9].
Restaurants form another category of indoor spaces that can be a major source of COVID-19 transmission [15] and that have

een hit hard by the NPI measures to dampen the pandemic [16]. Therefore, detailed insight into the risk of the virus spreading
n a restaurant environment can be of value when determining when it is safe to open restaurants and how mitigation policies can
ssist in achieving this. Restaurants also form a very different type of indoor environment compared to the indoor environments that
ave been studied (supermarkets, campuses and generic indoor spaces) regarding the movement dynamics. That is, most people are
eated at a specific location for most of the time (i.e. the customers), whilst a minority is moving around a lot (i.e. the waiting staff).
herefore, the aforementioned models are not suitable for modelling restaurants, and to the authors’ knowledge, no models have
een presented as of yet that can model this specific type of indoor space. Our objective is threefold. Firstly, to present a pedestrian
odel for restaurant environments that can provide detailed insight into the risk of the virus spreading in a restaurant. Secondly,

o show how such a model can be used by policymakers and restaurant owners to inform policies to mitigate virus transmission.
nd thirdly, to investigate what information on virus transmission risks a pedestrian model in and of itself can and cannot provide
nderstand what the added value of a virus transmission model would be.

We solely focus on the pedestrian model in this paper although the modelling effort is part of a bigger effort to fully integrate
edestrian and virus transmission modelling [17]. We ignore the virus transmission model for two reasons. Firstly, it reduces
he complexity of the overall model enabling a better understanding of the behaviour of the new activity model and a better
nderstanding of how different activity choice and scheduling patterns can impact the contact patterns between people in a
estaurant setting and with that the virus transmission risk. Secondly, it provides insight into what a pedestrian model in and
f itself can already provide as insights for policy makers. This also provides a baseline for future research into what the added
alue is of adding more complexity in the form of a virus transmission model. Not only with respect to the effort in [17] but also
n general.

To model the movements of people in a restaurant we need to model different behaviours. In pedestrian modelling these are
ypically classified into: (1) The strategic behaviour, which involves activity choice. (2) The tactical behaviour, which involves activity
cheduling and route choice. And, (3) the operational behaviour, which involves the step-by-step walking behaviour [18]. A multitude
f pedestrian model exist that model the route choice and operational behaviour of pedestrians [19,20]. However, in general,
edestrian models do not contain integrated activity choice and scheduling models but consider this an input. As the next section
hows, to the authors’ knowledge, no activity choice and scheduling model has yet been presented for a restaurant environment.
his presents a challenge because creating these activity schedules for all customers and staff requires time and modelling expertise.
ertainly, because for the model to make an impact, ideally it should be used by policy makers and restaurant owners neither
f which necessarily have this modelling expertise and/or time. To solve this challenge, we present a novel activity choice and
cheduling model for restaurants in this paper before investigating the use of pedestrian models to investigate the virus transmission
isk in restaurants.

The remainder of the paper is setup as follows. Section 2 presents the state-of-the-art in pedestrian activity choice and scheduling
odels. Section 3 then introduces the novel activity choice and scheduling model. Following this, Section 4 presents the data that

s used for estimating the parameter values of the activity choice and scheduling model and the procedure used to collect it. Then,
ection 5 presents the setup of the simulation experiments whose results are discussed in Section 6. Lastly, in Section 7, the main
onclusions are presented, the strengths and limitations of the model are discussed and its implications for practice are presented.

. State-of-the-art in pedestrian activity choice and scheduling models

Activity choice and scheduling are essential parts of a pedestrian simulation model. However, thus far it has not been studied
2

omprehensively [18] and is mainly seen as exogenous to the model [Chap. 3 21]. That is, it is usually specified as an (essential)
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input to the model. In the literature, few examples can be found of activity models that focus on pedestrians and on the microscopic
scale (i.e. a single pedestrian facility, such as, a restaurant or a small section of a city like a shopping street).

Both Timmermans et al. [22] and Zhu and Timmermans [23] use a discrete choice model approach to model the activity schedules
f pedestrians in a shopping street. The schedules are created dynamically whereby after every activity a new activity is chosen based
n its utility. The aforementioned papers on modelling pedestrian movements in a supermarket in the COVID-19 context [8–10] all
se a similar approach though without the utility concept of the discrete choice model. These models result in activity schedules
or each pedestrian that result in (semi-) random walks through the environment and are independent of the schedules of other
edestrians. Though a valid simplification for a shopping street or supermarket environment, we expect that the activity schedules
f customers and staff in a restaurant are not well represented by this kind of simplification. For example, we expect that customers
oing to the toilet return to the same seat, we expect customers belonging to the same group to arrive and leave at approximately
he same time and staff to serve occupied tables instead of empty ones.

Airports are another environment that have received some attention from the modelling community. Liu et al. [24] use a nested
ogit model to choose the activities a departing passenger performs between entering the airport and boarding the plane. The model
s limited as it does not actually schedule the activities but only chooses which activities to perform in one of the three predefined
ime periods (before check-in, before security and before boarding). To our knowledge, only the work by Usher et al. [25] presents
model capable of creating a complete activity schedule for departing passengers. They use a rule-based approach centred around
set of activities which are all classified as being mandatory, auxiliary or discretionary. Based on the remaining available time till
oarding passengers update their activity schedule dynamically whereby they can skip non-mandatory activities if time is pressing.

Shelat et al. [26] present a model in the context of an office environment. To create the activity schedule of office workers
hey rely on a combination of an event scheduler which schedules all time-dependent activities and a Markov-chain scheduler to
chedule all other activities between the time-dependent activities. This model still requires extensive inputs in the form of the
ime-dependent activities such as all scheduled meetings.

Lastly, two papers [27,28] from the field of operations research present activity models focussed on restaurants. However, these
apers (1) focus on optimization of customer satisfaction or limiting waiting times for a table instead of the number and duration
f contact between people in a restaurant environment and (2) the model description and evaluation are very limited. Hence, it is
ot possible to reproduce these models nor judge their validity.

Overall, a review of recent literature shows that activity choice and scheduling models for pedestrians have received little
ttention. However, the limited research that is available shows multiple methods to tackle the problem. Yet, no activity choice
nd scheduling model was found that allows us to model the activity choice and scheduling of customers and waiting staff in
estaurants, in such a way that realistic estimates of contacts between different people can be obtained.

. An activity choice and scheduling model for a restaurant

This section describes the new restaurant activity choice and scheduling model. First, the intended goal and use of the model
ill be explained, directly followed by the set of practical limitations faced by the researchers (Section 3.1). Based on the goals
nd requirements and the insights from the previously discussed literature, the basic design of the model is presented. Afterwards, a
etailed explanation of the model is provided. Here, we distinguish a customer scheduling model (Section 3.2) and a staff scheduling
odel (Section 3.3).

.1. Requirements of an activity choice and scheduling model

.1.1. The goal of the activity choice and scheduling model
The intended goal of the model is to provide activity schedules for all customers and waiting staff in a restaurant. Together with

n existing route choice and movement dynamics model, these schedules can provide a realistic estimate of the contacts between
ifferent people within a typical dine-in restaurant setting. The focus of this modelling endeavour is on the customer–customer
ontacts and the staff–customer contacts, rather than the overall capacity or operation of the spaces. Please note, our focus is not
n quantifying staff–staff contacts in non-public areas such as the kitchen as this is a completely different type of environment
ompared to the public side of a restaurant.

.1.2. The application context
The context within which this model is intended to be applied is dine-in restaurants. The main features that distinguish typical

ine-in restaurants from other types of restaurants, such as take-out, fast-food or buffet-styled restaurants, is that (1) people eat
he ordered food in the restaurant at one predefined location (table & seat) and (2) waiting staff serves the food. Furthermore, the
ntended users of the risk assessment (and as such the scheduler) model are restaurant owners, who neither have much experience
r expertise in pedestrian and virus transmission modelling nor much time to spend on setting up these simulations. This mainly
mplies that the inputs should be simple and few. That is, they should be easily understood by policy makers and restaurant owners,
ake little time to provide and require only those details that a restaurant owner could reasonably know based on their experience
anaging their restaurant.
3
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Fig. 1. Overview of the integration of the customer and waiting staff activity choice and scheduling model into a typical pedestrian model.

3.1.3. The structure of the activity choice and scheduling model
Fig. 1 presents an overview of how the newly designed model integrates with a typical pedestrian model which simulates the route

hoice and walking behaviour of all customers and staff in the restaurant. The model features two sub-models, one for the customers
nd one for the waiting staff. Each sub-model has a different approach and interacts differently with the pedestrian simulator. The
ore difference between both sub-models is that the customer sub-model provides static activity schedules for the customers to the
edestrian model at the start of the simulation. The staff sub-model, on the other hand, provides on-the-fly assignments to staff
embers assigning their next activity dynamically during the simulation. The next two subsections provide more detail about the
esign and design choices of both these sub-models.

.2. Customer activity choice and scheduling model

The design and implementation of the customer sub-model will be explained in three steps. First, the input is discussed whereby
he focus is upon the information that restaurant owners can realistically and easily provide regarding the customer and staff
ehaviour in their particular restaurant. Second, the scheduling of the visit of every group of customers is explained (i.e. when
o they start their visit, at what table and when do they leave). And third, we show how the activity pattern of each individual
ember of a group is determined based on the input and the schedule of each group.

.2.1. Inputs
Restaurant owners are the intended group of users of the model, therefore the inputs to the model should align with the inputs

hey can easily provide. Based on discussions with people in the restaurant industry and our own insights into what inputs are
ecessary, we selected the following inputs:

1. The restaurant layout. Specifically the number of tables and the number of chairs per table.
2. The time period that should be simulated.
3. The demand pattern: This input divides the overall time period into smaller time slots and for each of those defines how

many groups of customers will visit the restaurant during that time.
4. The expected duration of the customer visits 𝑡𝑣𝑖𝑠𝑖𝑡;𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 .

3.2.2. Group scheduling
Based on the input described above, the groups are scheduled. Yet, before the implementation is presented the expected behaviour

is discussed. The scheduler is expected to schedule the groups such that:

• The groups start and end their visit within the time slot defined by the demand pattern.
• Time slots can overlap. That is, the next time slot can start before the end time of the previous time slot.
• Time slots cannot have more groups than the number of tables in the restaurant.
• If, during the time slot, no unoccupied table is available for at least the duration defined by the expected visit duration, the

group is not scheduled to visit the restaurant.
• A group should be able to occupy their assigned table for at least a duration equal to the expected visit duration although

they can stay shorter or longer if they choose to and the final schedule allows for this.
• Each table is only occupied by one group and a group only occupies one table.

To achieve the above-mentioned scheduling behaviour, the scheduling process is divided into two steps: The first step creates a
provisional schedule, which details which groups sit at which table in which order. The second step further details the provisional
4

schedule and determines the actual start and end time of each group’s visit.
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Fig. 2. The algorithm that assigns a group from a given time slot (𝑡𝑠𝑡𝑎𝑟𝑡;𝑡𝑠 − 𝑡𝑒𝑛𝑑;𝑡𝑠) a table and a provisional start and end time for the visit.

To create the provisional schedule the algorithm loops over the demand pattern time slots in order of increasing start times. The
tart time of a time slot is given by 𝑡𝑠𝑡𝑎𝑟𝑡;𝑡𝑠. For every time slot, the algorithm loops over the number of groups expected to visit the
estaurant within this time slot and assigns them to a table according to the logic displayed in Fig. 2.

The second step sets the actual start and end time of each group’s visit by adding some variation in the duration of the visit
nd the precise start time of the visit. This ensures that the groups within a time slot have slightly different arrival times and visit
urations. To achieve this, the algorithm loops over all groups per table in reverse order of arrival. Eqs. (1)–(4) are used to calculate
he start and end time (𝑡𝑠𝑡𝑎𝑟𝑡;𝑖 and 𝑡𝑒𝑛𝑑;𝑖) for each group.

𝑑𝑣𝑖𝑠𝑖𝑡;𝑚𝑎𝑥;𝑖 = MIN(𝑡𝑒𝑛𝑑;𝑡𝑠;𝑖, 𝑡𝑠𝑡𝑎𝑟𝑡;𝑖+1) − 𝑡𝑠𝑡𝑎𝑟𝑡;𝑝;𝑖 (1)

𝑑𝑣𝑖𝑠𝑖𝑡;𝑖 = MIN(𝑑𝑣𝑖𝑠𝑖𝑡;𝑚𝑎𝑥;𝑖, 𝑑𝑣𝑖𝑠𝑖𝑡) (2)

𝑡𝑠𝑡𝑎𝑟𝑡;𝑖 = 𝑡𝑠𝑡𝑎𝑟𝑡;𝑝;𝑖 + (0, 𝑑𝑣𝑖𝑠𝑖𝑡;𝑚𝑎𝑥;𝑖 − 𝑑𝑣𝑖𝑠𝑖𝑡;𝑖) (3)

𝑡𝑒𝑛𝑑;𝑖 = 𝑡𝑠𝑡𝑎𝑟𝑡;𝑖 + 𝑑𝑣𝑖𝑠𝑖𝑡;𝑖 (4)

Eq. (1) computes the maximum possible visit time for the group (𝑑𝑣𝑖𝑠𝑖𝑡;𝑚𝑎𝑥;𝑖) based on the preliminary start time (𝑡𝑠𝑡𝑎𝑟𝑡;𝑝;𝑖) and
he end of the time slot (𝑡𝑒𝑛𝑑;𝑡𝑠;𝑖) or the start time of the next group that sits at the same table (𝑡𝑠𝑡𝑎𝑟𝑡;𝑖+1), whichever comes first.
n case the group is the last to sit at the table the value 𝑡𝑠𝑡𝑎𝑟𝑡;𝑖+1 is infinite. Eq. (2) then computes the actual visit duration (𝑑𝑣𝑖𝑠𝑖𝑡;𝑖)
y drawing a visit duration value (𝑑𝑣𝑖𝑠𝑖𝑡) from a predefined distribution and ensuring the duration does not exceed the maximum
ossible visit time. The start time is then computed by Eq. (3) whereby a uniform distribution ( ) is used to create some variation
n the starting times of the different groups. Finally, the end time is computed using Eq. (4). The result of this first step is a group
ssignment (group id, time start, time end, table no.).

.2.3. Individual activity schedule creation
After a group has been assigned a table and the start and end times of the visit have been computed, individual customers can

e assigned to the group and their individual activity schedules can be created. The number of individuals that is assigned to a
roup is equal to the number of seats at the table the group was assigned to. That is, per table we expect 100% capacity. To create
ctivity schedules for all individuals, we identified the activities that people perform at a restaurant. The following list of activities
re/can be part of the schedule of an individual visiting a restaurant:
5
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Fig. 3. The algorithm that creates the activity schedule for each individual 𝑗 of group 𝑖.

• Enter the restaurant: This is always the first activity and a mandatory activity.
• Hang coat at the coat rack: This is an optional activity with a certain duration 𝑑𝑐𝑜𝑎𝑡 performed after entering the restaurant.

Based on a certain probability 𝑝𝑐𝑜𝑎𝑡 the customer chooses to use it or not. In case no coat rack is available 𝑝𝑐𝑜𝑎𝑡 = 0.
• Sit at the table: A mandatory activity performed after entering the restaurant or using the coat rack.
• Go to the toilet: An optional activity with a certain duration 𝑑𝑡𝑜𝑖𝑙𝑒𝑡 and which a customer chooses to perform given a certain

probability 𝑝𝑡𝑜𝑖𝑙𝑒𝑡.
• Pay at the register: A conditional activity with a certain duration 𝑑𝑟𝑒𝑔𝑖𝑠𝑡𝑒𝑟 assigned to only one member of a group provided

the payment is not performed at the table. Whether or not a payment is performed at the register is determined by a certain
probability 𝑝𝑟𝑒𝑔𝑖𝑠𝑡𝑒𝑟.

• Pick up coat from the coat rack: A conditional activity provided the customer chose to hang their coat at the coat rack when
entering the restaurant.

• Leave the restaurant: The last activity and a mandatory one.

The list only includes activities related to the customers’ movements. Activities at the table, such as ordering food, have no
nfluence on the movement pattern of a customer and are hence not included. They do impact the movements of staff which is
iscussed in Section 3.3.

Fig. 3 provides an overview of the algorithm that creates the activity schedule for each individual 𝑗 of group 𝑖. Each activity starts
fter the previous activity has finished. This can be either at a set end time 𝑡𝑎𝑐𝑡;𝑒𝑛𝑑 or after a certain duration 𝑑𝑎𝑐𝑡. The exception is the
irst activity which has a set starting time. By default this starting time is the group starting time 𝑡𝑠𝑡𝑎𝑟𝑡;𝑖 but it can be individualized
o simulate customers of the same group arriving at different times. If a customer decides to visit the toilet a time at which this
oilet visit should take place 𝑡𝑡𝑜𝑖𝑙𝑒𝑡 is scheduled. The toilet visits of all individuals are scheduled such that there are no more toilet
isits scheduled at the same time than there are toilets. The underlying assumption is that customers know how busy the toilets
re (global knowledge) and plan accordingly. Short queues and waiting times can still occur as the dynamics in the simulation
e.g. walking time) are not taken into account.

.3. Waiting staff activity choice and scheduling model

The model that schedules the activities for the customers is static. That is, all activities are computed and assigned at the start of
he simulation. In contrast, the model that chooses and schedules the activities of the waiting staff in the restaurant is an event-based
6

odel that dynamically adds activities to be performed and also dynamically distributes the activities over the staff members.
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3.3.1. Inputs
The inputs are again chosen such that restaurant owners are only required to provide few and simple inputs. In this case those

nputs are:

• The number of waiting staff
• Serving neighbourhoods: A serving neighbourhood is a set of tables that is primarily served by one or more appointed members

of staff.
• The average number of times the staff performs an activity at the table per group that sits at the table. These activities feature,

among other things, serving food or drinks, taking orders, asking for feedback or taking empty plates away or any logical
combination.

• The staff base area: This is a location in the restaurant where the staff waits if they have no activity to perform and also the
location where they collect the food and drinks that are to be served and/or drop empty plates.

.3.2. Choice and scheduling model
The staff sub-model makes use of activity stacks which contain the information about which activities still need to be performed,

hen these activities should be performed and in which order. Every neighbourhood has its own stack. When the entire restaurant
eatures only one neighbourhood, a single stack is used. There are four events that either add or remove activities from the stack:

1. Group entry: A group sits down at their table for the first time. This is the only event that adds activities to the stack.
2. New activity: A member of staff has finished its current activity and request the next activity from the stack.
3. New activity after waiting: A staff member is waiting for their next activity and the start time of one or more activities on the

stack is equal to the current time. The waiting staff member get assigned the top-most activity on the stack that has a start
time equal to the current time.

4. Aiding colleagues: A staff member is waiting for their next activity and another neighbourhood gets overloaded with activities
that should already have been performed but were not. The waiting staff member get assigned the top-most activity on the
stack of the other neighbourhood.

Before going into detail how the activities are added and removed from the stack, we discuss the activities themselves first.
Activities One can imagine a wide array of activities that staff members typically perform in a dine-in restaurant in relation to

he visit of a group of customers. Examples are, serving the food, taking orders, cleaning the tables and from time-to-time checking-in
ith the customers to see if everything is in order and to their liking. However, difference between restaurants or even countries

an exist regarding what this exact set of typical activities is. To deal with these differences, we have simplified the activities that
taff members perform into two abstract activities types, namely:

• Walk to a specific location (i.e. a table or the base area) and wait there for a given amount of time to perform the activity at
hand (e.g. serve the food, collect empty plates, checking-in on the customers).

• Walk to a specific location (i.e. the base area) and wait there for the next activity to be assigned.

he first type of abstract activity is the type of activity that goes onto the activity stack whilst the second type is assigned to a staff
ember when none of the activities on the stack can be performed at the moment. Both activity types have a location property
hich defines where the activity should be performed. The first activity type also has an activity duration property. Furthermore,

o determine when these activities should be performed and in what order they should be placed on the stack every activity has a
tart time. Lastly, an activity can also be a set of chained activities. Within the model there are three chaining options, next to just
erforming a single activity. First a chain of activities starting with going to the base area, then to a table and then returning to
he base area. This could entail collecting an order to serve out, serving it at the table and then returning some empty plates back
o the base area. The other two options are a subset of this, namely: (1) First going to the base area and then to the table and after
his continuing with the next activity (e.g. serving out food or drinks). And, (2) first going to the table and then going to the base
rea after which the next activity can be started (e.g. picking up empty plates and returning them to the kitchen). Only the first
ctivity of the chain is pushed onto the stack whilst the other one or two activities are always performed directly after the previous
ctivity in the chain has finished. After finishing the last activity in the chain, a staff member can request a new activity from the
tack.

Adding activities to the stack When a group sits down at their table for the first time, the algorithm determines how many
ctivities should be performed by the waiting staff in relation to the visit of this group, how long each activity is, when it should
e performed and if it is chained with collecting things at or returning things to the base area. This ensure that staff members only
tart visiting a table when guests are present at the table. The number of activities that are performed per group is defined by the
nput and most but not all of these activities are performed while the customers are at the table. A small number of activities, such
s cleaning, are performed after the customers have left the table. The exact number of activities that is performed after customers
ave left the table is defined by the parameter 𝑁𝑎𝑓𝑡𝑒𝑟. For each of the activities a duration value is drawn from a distribution of
ctivity duration. This distribution is a parameter. The start time of each activity is determined as follows:

𝑡𝑠𝑡𝑎𝑟𝑡;𝑖;𝑘 =

⎧

⎪

⎪

⎨

⎪

⎪

𝑡 + 𝛥𝑡 if the activity is the first activity

𝑡𝑙𝑒𝑎𝑣𝑒;𝑖 if the activity is performed after customers have left the table

𝑡 + 𝛥𝑡 +
∑𝑀 𝑔𝑚 otherwise

(5)
7
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where 𝑡 is the current time, 𝛥𝑡 the time step, 𝑔𝑚 the gap between activity 𝑚 and 𝑚 − 1 and 𝑀 the number of activities that are
erformed while the customers are at the table. The vector of the gaps between the start times of the activities are computed using:

𝐠 = 𝑇gap ∗ 𝐟gaps (6)

𝑇gap = 𝑡end;𝑖 − 𝑑act;𝑀 − 𝑏last∶act − 𝑡start;𝑖;1 (7)

where 𝑇gap the total gap time, 𝐟gaps is a set of 𝑀 − 1 fractions that determine how long each of the 𝑀 − 1 gaps between the 𝑀
activities is, 𝑑act;𝑀 is the duration of the last activity that is performed while the customers are at the table, 𝑏last∶act is a buffer time
parameter ensuring that the last activity is actually performed while the customers are still at the table and 𝑡start;𝑖;1 is the start time
of the first activity To ensure that all M activities are performed whilst the customers are still at the table it follows from Eq. (7)
that ∑𝑀−1

𝑚=1 𝑔(𝑚) ≤ 𝑇gap and thus ∑𝑀−1
𝑚=1 𝑓gaps(𝑚) ≤ 1. This problem can be defined as a stick-breaking process [29] which redefines the

problem as ∑𝑀−1
𝑚=1 𝑓gaps(𝑚) = 1. That is, it assumes that the last activity will always be started at 𝑡end;𝑖 − 𝑑act;𝑀 − 𝑏last∶act . By making

𝑏last∶act a random variable instead of a constant value we regain the original problem. Defining the problem as a stick-breaking
problem has a big advantage as the stick-breaking problem has a well-defined solution. Namely, using 𝑁 value drawn from a
Dirichlet distribution to divide the stick in 𝑁+1 parts. The Dirichlet distribution is a beta distribution that is generalized to multiple
variables which has the useful property that a set of 𝑁 fractions drawn from it sums to 1. Therefore, we use this Dirichlet distribution
(see Eq. (9)) to draw the 𝑀 − 1 fractions which determine the duration of each gap whereby each gap can have its own average
duration.

𝑓𝑋 (𝑥) =
1

𝐵(𝜽)

𝑁
∏

𝑖=1
𝑥𝜃𝑖−1𝑖 (8)

𝐵(𝜽) =
∏𝑁

𝑖=1 𝛤 (𝜃𝑖)

𝛤
(

∑𝑁
𝑖=1 𝜃𝑖

) (9)

where 𝐵(𝜽) is a multivariate beta function expressed in the terms of a gamma function.
For each activity, the main location is the table. In some cases the activity will be chained with the activity of going to the base

rea to collect and/or return things. For each activity the probabilities 𝑝before and 𝑝after determine if an activity is chained with both
first going to the base area and afterwards returning to the base area, with either of the two or with neither of the two. The activity
duration at the base area is provided by the parameter 𝑑𝑎𝑐𝑡∶𝑏𝑎𝑠𝑒.

After the set of activities is created it is pushed onto the stack and the stack is sorted in ascending order of the activity start
imes.

Requesting an activity from the stack There are three manners in which an activity on an activity stack can be assigned to a
taff member. The first is after a staff member has finished its current activity it requests an activity from the activity stack of its
wn neighbourhood (or the global activity stack if there are no neighbourhoods). If the activity on the top of the stack has a start
ime smaller or equal to the current time, this activity is assigned to the staff member. If there are no activities that need to be
erformed at this moment the staff member walks to the base area to wait for its next activity.

The second way in which a staff member can receive an activity is when the staff member is waiting at the base area for its
ext activity (or on its way to there to wait) and the current time is equal to the start time of the activity on top of the stack.
he top activity is then assigned to this staff member. Lastly, a waiting staff member can also receive an activity from another
eighbourhood. This only happens when one of two conditions is met for the other neighbourhood:

1. The number of activities that should already have been started (i.e. the start time is smaller than the current time) exceeds
the threshold value 𝑁𝑙𝑎𝑡𝑒∶𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑒𝑠.

2. The difference between the start time of the activity on top of the stack and the current time is greater than the threshold
value 𝛥𝑇𝑡𝑜𝑝∶𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦.

. Empirical data collection and parameter estimation

The previous section shows that the novel activity choice and scheduling model contains a number of parameters which influence
he activity schedules of both customers and staff. To get realistic values for the different parameters of the activity choice and
cheduling model, data was collected. This section presents firstly the details of the data collection followed by how parameter
alues are derived from the collected data.

.1. Data collection

The data collection took place in the summer of 2021 in a dine-in restaurant in the city of Delft, The Netherlands. The focus of
he data collection was solely on the indoor area of the restaurant. Fig. 4 presents a sketch of the indoor area and Fig. 5 a snapshot.
he restaurant has 20 tables and additionally three locations at the bar where groups can sit and dine. The figure also marks the

ocation between the bar and kitchen where staff picks up the food and drinks to serve out and where they return the empty plates
nd glasses. The restaurant did not have a coat rack at the time of observation and customers paid at the table.

We collected data during a Saturday evening between 17:00 and 22:00. The restaurant was fully booked for the evening and was
8

isited by groups of various sizes which mainly consisted of adults. Three observers recorded the different visit and activity patterns
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Fig. 4. An sketch of the restaurant layout. The drawing is not on scale but in correspondence with the then applicable COVID-19 regulations, all tables are
spaced 1.5 m apart.

Fig. 5. A snapshot of the restaurant.

by hand whereby no personal information was recorded to ensure privacy of both customers and staff. The following elements were
recorded:

• The arrival and departure times of all customers per table, whereby the start time is the first time a customer sits down at the
table and the departure time is the time the customer leaves the table and does not return any more.

• The number of toilet visits in relation to the number of customers present in the restaurant (including the customers present
in the outdoor area)

• The duration of the toilet visits, defined as the time between entering and exiting the toilet area.
• The activities, performed by staff members, per table including:

– The start and end time of each activity, defined as the staff member arriving at the table and then leaving again.
– The type of each activity whereby three main types are identified: (1) Serving food and drinks, (2) Collecting empty

plates, and (3) Taking orders, asking feedback and others.

4.2. Parameter derivation from the empirical data

The empirical data is used to estimate the parameter values of the scheduling model. For the customer sub-model, data is available
to estimate the parameter pertaining to the toilet visits. The probability of a customer visiting the toilet during their visit is computed
by 𝑝𝑡𝑜𝑖𝑙𝑒𝑡 =

# toilet visits
average # customers inside and outside which results in a value of 0.4. To obtain the distribution which best fits the observed

distribution of toilet visit durations, all the different continuous distributions of the OpenTURNS Python package [30] are fitted
to the data. To ensure that all durations that can be drawn from the fitted distribution are realistic (i.e. positive, finite and falling
within a reasonable range), truncated versions of the continuous distributions are used. The lower and upper truncation boundaries
are set to respectively the minimum (0.3 min) and maximum (7.3 min) measured durations. Out of all tested continuous truncated
9



Physica A: Statistical Mechanics and its Applications 633 (2024) 129395M. Sparnaaij et al.

a
o
t
e
t

Fig. 6. The empirical data (histogram), the best fitting distribution (line) and the GoF value for respectively: (a) The distribution of toilet visit durations, (b)
The distribution of activity durations, and (c) The distribution of the gaps between the activities.

distributions, the truncated version of the Weibull Maximum Extreme Value (see Eq. (10)) fitted best to the empirical data with a
Kolmogorov–Smirnov (KS) test value of 0.089. This fit is achieved with the parameters 𝛼 = 5879.16 𝛽 = 5016.68 and 𝛾 = 5018.38.
Graph (a) of Fig. 6 presents both the histogram of the empirical distribution and the line representing the fitted distribution.

𝑓𝑋 (𝑥) =
𝛼
𝛽

(

−
𝑥 − 𝛾
𝛽

)𝛼−1
exp

(

−
(

−
𝑥 − 𝛾
𝛽

)𝛼)

, 𝑥 ∈ (−∞; 𝛾] (10)

For the staff sub-model, the values for five different parameters can be derived from the empirical data. The distribution of
ctivity durations is derived using the same method as is used to derive the toilet visit distribution. That is, fit all truncated versions
f the continuous distributions of the OpenTURNS package and selecting the best fitting distribution. The truncation values are again
he minimum and maximum values measured in the data which are respectively 0.03 and 5.7 min. Graph (b) of Fig. 6 presents the
mpirical data and the fitted distribution. In this case a truncated lognormal distribution (see Eq. (11)) produces the best fit with
he parameters 𝜇 = 2.74, 𝜎 = 0.31 and 𝛾 = 1.12.

𝑓𝑋 (𝑥) =
1

√

2𝜋𝜎(𝑥 − 𝛾)
exp

(

−1
2

(

log(𝑥 − 𝛾) − 𝜇
𝜎

)2
)

𝑥 ∈ [𝛾; +∞[ (11)

From the sequence of activities per table and the accompanying start and end times, the gaps between the activities can be
computed. As the previous section explains, a Dirichlet distribution is used to compute the gaps between a sequence of activities.
For the Dirichlet distribution we would ideally like to estimate a separate parameter (𝜃) for each gap in a sequence of activities
(i.e. a parameter for the first gap, for the second gap and so on). However, the sample (23 gap sequences of different lengths)
is too small to do so, hence we assume that the gap duration is independent of its location in the sequence. Fitting the Dirichlet
distribution to the sample of all gaps results in an estimated parameter value 𝜃 = 1 (see Eq. (9)). The empirical distribution and the
fitted distribution are presented in Fig. 5, in this case in graph (c).

The recorded type of each activity provides a basis for estimating the number of activities that require a staff member to first
pick-up something at a base area (bar, kitchen etc.) before heading to a table and/or require a staff member to drop-off something
afterwards. This was not recorded explicitly, however, observations showed that in most cases that something was served or empty
plates and glasses were taken, this entailed a staff member respectively first going to the base area or returning to it before engaging
in a subsequent activity. So, we consider the number of serving activities divided by the total number of activities as a reasonable
estimate of the probability that a staff member first goes to the base area. Based on the observations this probability is 0.4. For the
probability that a staff member goes to the base afterwards the same logic is used but now the probability is estimated by dividing
the number of collecting empty plates activities by the total number of activities. This results in a probability of 0.3.

Lastly, the empirical data also provides information on the number of activities performed after customers have left. The data
shows that either two or three activities are performed by the staff after the customers have left the table. Furthermore, it is equally
likely that this number of activities is two or three. So, in the model the value is drawn from the set of these two numbers whereby
each has an equal probability of getting selected.

5. Simulation experiments: Methodology

This section introduces the setup of the simulation experiments, whose results are presented in the next section. First the NOMAD
pedestrian models is briefly introduced. Accordingly, the scenarios are presented followed by the description of the quantification of
the virus transmission risk. The goal of these simulation experiments is to investigate the model’s ability to reproduce the movement
dynamics in a restaurant and especially to investigate how these insights can be used to inform policy.

5.1. The NOMAD pedestrian model

The NOMAD pedestrian model [31] is used to model the route choice and operational walking behaviour. We chose NOMAD
10

because of our extensive experience with this microscopic model and the fact that it has been extensively calibrated and
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w

Fig. 7. NOMAD uses the anticipated positions of the pedestrian to determine the anticipated distance between the pedestrians (𝑑𝐴) and in case of pedestrians
moving along the anticipated lateral distance (𝑑𝑦𝐴 ).

validated [32] but any other microscopic model with an integrated route choice model would also suffice. The route choice modelling
of NOMAD is based on static precomputed directional fields. Each destination has such a field and for each location in the walkable
space the field provides a directional vector. The directional vectors point towards the shortest route that also ensures enough
separation from any obstacle.

The operational walking model is a force-based model which at every time step computes the acceleration of a pedestrian using
three social forces. The model also includes a physical force which pedestrians experience when coming into physical contact with
an obstacle or another pedestrian. This generally only occurs in high density situations which a restaurant is not. Eq. (12) shows
how the three social forces and a small random fluctuation term (𝜼) result in the acceleration.

𝐚 = 𝐚𝑓 + 𝐚𝑜 + 𝐚𝑟 + 𝜼 (12)

The first of the three social forces is the path following force (𝐚𝑓 ). This force ensures that a pedestrian follows their desired path to
their destination (Eq. (13)).

𝐚𝑓 =
𝑣𝑑𝑒𝑠 ⋅ 𝐞𝑑𝑒𝑠 − 𝐯

𝜏
(13)

here 𝐯 is the pedestrian’s current velocity, the 𝑣𝑑𝑒𝑠 is the pedestrian’s desired speed, 𝐞𝑑𝑒𝑠 the desired direction as obtained from
the direction field and 𝜏 is the relaxation parameter which affects how stringently the pedestrian tries to stay on their desired path.

The obstacle force (𝐚𝑜) prevents pedestrians from walking into obstacles (Eq. (14)).

𝐚𝑜 = 𝑎𝑊
∑

𝑜∈𝑂
−𝐞𝑜

⎧

⎪

⎨

⎪

⎩

1 if 0 < 𝑑 ≤ 𝑑𝑠ℎ𝑦∕2
2(1 − 𝑑∕𝑑𝑠ℎ𝑦) if 𝑑𝑠ℎ𝑦∕2 < 𝑑 ≤ 𝑑𝑠ℎ𝑦
0 otherwise

(14)

where 𝑎𝑊 is the parameter defining the size of the force in relation to the other forces, 𝑂 is the set of all obstacles, 𝐞𝑜 is the unit
vector pointing to the closest point on the obstacle in relation to the pedestrian’s current position, 𝑑 in the distance to the closest
point on the obstacle and 𝑑𝑠ℎ𝑦 is the parameter which defines the minimum distance a pedestrian ideally wants to keep to any
obstacle.

The 𝐚𝑟 force is the social force a pedestrian experiences from other pedestrians and this force prevents pedestrians from bumping
into each other (Eq. (15)). The computation of the pedestrian interaction forces are based on the anticipated positions of the
pedestrians (see Fig. 7).

𝐚𝑟 = −
∑

𝑝∈𝑃
𝑎0𝐞𝑛 ⋅ 𝑒−𝑑𝐴∕𝑟0 +

{

𝑎1𝐞𝑙 ⋅ 𝑒
−𝑑𝐴𝑑𝑦𝐴 ∕𝑟1 if moving in opposing directions

0 otherwise
(15)

where 𝑎0 is the parameter defining the size of the force in relation to the other forces, 𝑃 is the set of all other pedestrians in the
neighbourhood, 𝐞𝑛 is the unit vector pointing from the pedestrian’s anticipated position to the anticipated position of the other
pedestrian, 𝑑𝐴 is the anticipated distance between the pedestrians and 𝑟0 is the parameter which relates the distance between the
pedestrians to the strength of the force. In the case of pedestrians moving in opposing directions an additional lateral force is
added where 𝑎1 is the parameter defining the size of the force, 𝐞𝑙 is a unit vector orthogonal to the pedestrian’s velocity, 𝑑𝑦𝐴 is
the anticipated lateral distance between the pedestrians and 𝑟1 is the parameter which relates the lateral distance between the
pedestrians to the strength of the force.

Finally, by integrating the computed acceleration twice, using Euler’s method, the new position of the pedestrian is obtained.
For a more detailed description of the NOMAD model the reader is referred to Campanella [31]. In this research, the python
implementation PyNOMAD is used [33]. For more details and access to the software, the reader is referred to Sparnaaij et al.
[33].
11
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Fig. 8. The three different restaurant layouts used for the simulation experiments.

5.2. Scenarios

A number of scenarios with different layouts and setups are used to gain insights into the following question: How can the model
be used to identify factors that generally affect the virus transmission risk in a restaurant, and thus form good targets for general
policy, and to identify what factors are more restaurant specific? Additionally, the results from the scenarios are used to get insight
into the behaviour of the new activity model. A total of 15 scenarios are used, which are the combination of three different layouts
and five different scheduling setups.

The three layouts are presented in Fig. 8, and set up to feature different movement scenarios that might occur in a restaurant.
Base case layout: This layout is a spacious layout with separate entry and exit locations. There are also some low walls present

as separation whereby an airtight screen has been added on top to prevent contacts. This base case is designed to limit the number
of interactions between the visitors.

Busy corner layout: This layout is very similar to the base case layout except that all activities (entry, exit, kitchen and toilet)
are all located in the same corner of the restaurant. This is expected to lead to more contacts but the question is if this also leads
to a higher probability of virus transmission.

Long restaurant layout: This layout has all the tables placed along a single corridor which means more people are likely to pass
them which in turn likely increases the probability of contacts. This is especially the case for the tables situated near the entrance
and exit and near the middle where the toilet and the kitchen are.

To ensure that the simulation outcomes can be compared, the three layouts all have the same number of tables and chairs in the
same configuration, namely nine tables with four chairs and six tables with two chairs. Furthermore, all tables are placed such that,
in line with the Dutch regulation surrounding Covid-19, sitting customers are always more than 1.5 m separated from customers
sitting at other tables.

The activity choice and scheduling model provides a number of inputs (see 3.2.1 and 3.3.1) to represent different restaurant
setups. Based on these inputs, five different setups have been designed. One base setup and four variations. To ensure that the
setups can be easily compared they all have three staff members, the visits are all planned within a 5-h time period, they all have
the same total visit time (the sum of the visit times of all groups) and the average number of times staff members visit a table per
hour in relation to a group’s visit is also equal. This last number was set at around 8.8 visits an hour based on the empirical data.
Table 1 presents the five setups and the inputs which define them.

Base setup: In this setup, 25 customer groups are randomly scheduled to visit within the 5-h time period whereby they have an
average visit time of about 2.4 h during which the staff will visit the table 21 times and there are no serving neighbourhoods.

Neighbourhoods setup: This setup is the same as the base setup in every respect except that each of the three staff members has
their own neighbourhood. Fig. 8 presents these neighbourhoods. We expect that using neighbourhoods will lead to customers having
12
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Table 1
The five different restaurant setups. ‘‘–’’ indicates that the value does not differ from the base setup.
Name Average visit Group # Time Neighbourhoods # Staff

time [h] count slots visits

Base 2.4 25 1 No 21
Neighbourhoods – – – Yes –
Time slots – – 2 – –
Shorter visits 1.7 35 – – 15
Longer visits 4 15 – – 35

contact with fewer staff members but that the customers will interact with the staff member serving their particular neighbourhood
more often compared to the base setup.

Time slots setup: This setup is the same as the base setup in every respect except that two time slots are used. This setup
chedules the customer groups in one of two time slots whereby there is a gap between the time slots during which there are no
ustomers present in the restaurant. We expect that customers will have fewer interactions with other customers as they can only
nteract with customers who are visiting the restaurant in the same time slot.

Shorter visits setup: The shorter visit setup has more customer groups visiting the restaurant but has each group stay for a
horter duration and has staff members performing fewer activities at the table. We expect that both staff members and customers
ill have come into contact with more people but that the durations of these contacts will be shorter compared to the base setup.

Longer visits setup: This setup is the opposite of the shorter visit setup with longer visit durations, more staff activities at the
table but fewer customer groups visiting the restaurant. The expected difference compared to the base setup are also the opposite
of the shorter visit setup. Namely, fewer but longer contacts between people in the restaurant.

Together, these five setups provide insight into how the input of the activity model and thus the restaurant setup affect contacts
between people. And, in combination with the three layouts, how this might interact with the restaurant layout.

5.3. Pedestrian contact quantification

As we state in the introduction, we solely focus on the pedestrian model’s contributions and capabilities in assessing virus
transmission risks in restaurants. So, to assess the virus transmission probabilities and the activity model’s behaviour we quantify
the contacts between people in the restaurant and especially the close contacts between people. The concept of close contacts is
used in this case to obtain insight into the probability of virus spread because the model does not model virus spread explicitly.
It does provide proximity data however and health agencies world-wide [34–36] use this kind of proximity information in their
contact tracing to determine who is at high risk of having been infected after a contact with an infectious person (i.e. who is a
close contact). Therefore, we deem the concept of close contacts to be useful in determining the relation between proximity and the
probability of virus spread.

The choice of using the concept of close contacts to assess the probability of virus spread has a number of consequences for the
setup of the simulations and analysis of the results. Therefore, it is important to define what we consider to be a close contact in
the context of this paper. The exact definition that health agencies use to determine if someone is a close contact differs slightly per
country. But the consistent elements are:

1. Being a member of the same household as the infected person.
2. Having been in contact at less than 1.5 to 2 m for more than 15 min. This is cumulative for a 24-h period.
3. Having been in contact at less than 1 m for one or more consecutive minutes.
4. Having been in high risk contact which includes having been coughed upon, having had direct physical contact such as kissing

or having had a face-to-face conversation at less than one metre distance.

The model can provide the information required by the second and third elements. Regarding the first, it is assumed that customers
that sit at the same table will very likely either be people from the same household, have face-to-face conversations and/or be within
1.5 to 2.0 m of each other for more than 15 min. Hence, contacts between these people are left out of the analysis as we presume
these to be close contacts of each other anyway. The same holds for the contacts between staff members as we presume them to
work in close proximity for prolonged periods.

The model only provides which contacts would be close contacts in case one of the two people would be infectious. That is,
which contacts are risky but for which it is unknown if either of the people is infectious and thus if virus transmission occurred.
This is a limitation as the virus spread risk is also dependent on the number of infectious people in the restaurant. However, knowing
how many risky contacts occur is still valuable as this, combined with an estimate of the likelihood that one or more people in the
restaurant are infectious, provides insight into the likelihood that virus transmission occurred. That is, the more risky contacts and
the more likely that one or more people in the restaurant are infectious, the higher the probability of close contacts occurring and
the higher the probability that the virus is transmitted to one or more people that are not sitting on the same table.

To capture the contacts between people and to determine if these contacts are risky contacts a weighted connectivity graph is
used. The graph is computed as follows:

{ ( ) }
13

𝐺 = 𝑊 {𝑎𝑖, 𝑎𝑗} |𝑎𝑖, 𝑎𝑗 ∈ 𝐴 and 𝑖 ≠ 𝑗 and 𝑎𝑖 ∉ 𝑔(𝑎𝑗 ) and ∃ 𝑡 ∣ 𝑑𝑖;𝑗 (𝑡) ≤ 𝐷𝑐𝑢𝑡𝑜𝑓𝑓 (16)
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where 𝐴 is the set off all agents in the simulation, 𝑔(𝑎𝑗 ) the set of agents forming the group to which agent 𝑗 belongs, 𝑡 the time,
𝑑𝑖;𝑗 (𝑡) the distance between pedestrian 𝑖 and 𝑗 at time 𝑡 and 𝐷𝑐𝑢𝑡𝑜𝑓𝑓 the distance cut-off value which is defined by the close contact
definition.

The weight function 𝑊
(

{𝑎𝑖, 𝑎𝑗}
)

captures the duration of the contact (Eq. (17)). This duration can be cumulative over a 24-h
period, in line with the second element of the close contact definition. Or it is the maximum consecutive time two people were in
contact with each other, in line with the third element of the close contact definition.

𝑊
(

{𝑎𝑖, 𝑎𝑗}
)

=

⎧

⎪

⎨

⎪

⎩

∑

𝑡∈𝑇
𝛥𝑡{𝑑𝑖;𝑗 (𝑡)≤𝐷𝑐𝑢𝑡𝑜𝑓𝑓 }(𝑡) if cumulative

max
∑

𝑡∈𝑇
𝛥𝑡{𝑑𝑖;𝑗 (𝑡)≤𝐷𝑐𝑢𝑡𝑜𝑓𝑓 and (𝑑𝑖;𝑗 (𝑡+𝛥𝑡)≤𝐷𝑐𝑢𝑡𝑜𝑓𝑓 or 𝑑𝑖;𝑗 (𝑡−𝛥𝑡)≤𝐷𝑐𝑢𝑡𝑜𝑓𝑓 )}(𝑡) if consecutive

(17)

here 𝛥𝑡 is the time step size and 𝑇 is the set of time steps of the simulation. Within this paper, any contact is considered a risky
ontact if the contact takes place at less than 1.5 m for more than 15 min cumulatively and/or takes place within 1 m for 1 or more
inute consecutively.

Both the NOMAD model and the novel activity model are stochastic in nature. By replicating each scenario 140 times we ensure,
ith a high degree of confidence (99%), that all connectivity graphs of all scenarios have converged. This ensures that we can have
igh confidence that any differences we find during the analysis are not the result of the stochastic nature but are actual differences.

. Result from the simulation experiments

The results from the 15 scenarios provide insight into how likely is it that people experience risky contacts in a restaurant setting.
e investigate how this likelihood depends on various aspects. Firstly, we look into the question if the likelihood of experiencing

isky contacts is different for customers and staff. Secondly, we investigate how the layout and setup of the restaurant impact the
ikelihood of risky contacts. Thirdly, we look at the sensitivity of the results to the close contact definition. And lastly, we investigate
he sensitivity to the number of infectious people in the restaurant.

During the analysis different results are compared to each other. To determine differences are statistically significant and relevant
hree supporting values are computed:

1. The 𝑝-value (𝑝): The Cramer–von-Mises test is used to determine if the two results being compared are samples drawn from
the same distribution. The null hypothesis is that they are and this hypothesis is strongly rejected when 𝑝 < 0.01 and not
rejected at all when 𝑝 ≥ 0.05.

2. Cliff’s delta (𝛿): This is an effect size value between −1 and 1, whereby the closer to 0, the smaller the difference in central
tendency and the less relevant the difference is (even if statistically significant).

3. The Kolmogorov–Smirnov (KS) statistic (𝐷): A value between 0 and 1, whereby the larger the value the bigger the largest
difference in the cumulative distributions of the two results being compared. This value is used to supplement Cliff’s delta.
For example, in case the effect size computed by Cliff’s delta is small, and the difference in central tendency is small and not
relevant, but the KS statistic is larger, the difference is still relevant as the results are clearly distributed differently.

.1. The likelihood of risky contacts and the difference between customers and staff

Customers and staff have very different activity schedules and therefore very different movement patterns in restaurants. The
uestion is how much this affects their likelihood to experience risky contacts and additionally, for customers, if this is primarily
aused by their interactions with the staff or with customers from other groups. To investigate this we identify three types of
nteractions:

1. Customer–customer: These are the interactions between customers from different groups and these provide insight into the
risk customers pose to each other.

2. Customer–staff: These are the interactions between customers and waiting staff from the perspective of the customer. These
interactions provide insight into the risk that staff members pose to customers.

3. Staff–customer: These are the interactions between customers and waiting staff from the perspective of the staff. These
interactions provide insight into the risk that customers pose to staff members.

The simulation data shows that in none of the 15 scenarios risky contacts occur between customers. This is not due to the fact
hat customers never come within 1.5 m of each other as Fig. 9 shows. The graphs show that the majority of customers spend some
ime within 1.5 m of many other customers. Yet, for all these contacts it holds that the cumulative time is well below 1 min and in
ost cases even just a few seconds. This suggest that the contacts are the result of customers briefly passing each other when one

r both are moving through the restaurant.
The interactions between customers and staff are far more likely to lead to risky contacts. Fig. 10 presents the average number

f risky contacts from the viewpoint of the customers and staff in respectively graph (a) and (b). From these graphs it is clear that
he average waiter has around the 10 to 15 risky contacts during one shift whilst the average customer has only a 30 to 80 percent
hance to have just one risky contact. This shows that customers, as a group, pose a far larger risk to the staff than vice-versa. This
14

s also not unexpected as there are far more customers than staff.
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Fig. 9. The distribution of the number of contacts each customer has with customers from other groups. A contact in this context means that the customers
ave been within 1.5 m of each other at least once during their stay in the restaurant. The box plot present the median value (the orange line), the locations
f Q1 and Q3 (the bottom and top of the box), and the outliers (x) which are more than 1.5 times the IQR removed from the Q1 or Q3 border. The violin plot
elow the box plot presents roughly the shape of the distribution.

Fig. 10. (a) The average number of risky contacts a customer has with members of the staff. (b) The average number of risky contacts a staff member has with
ustomers. Each bar has three parts displaying the fraction of the risky contacts that is caused by (1) both the 1-min and 15-min criteria being met, (2) only
he 1 min criterion being met and (3) only the 15 min criterion being met.

A second observation is that by far most of the risky contacts between customers and staff are due to them being within 1 m
f each other for a minute or more. Only in a few cases is it the case that the risky contact is caused by them being with 1.5 m of
ach other for cumulatively more than 15 min or that both these criteria are met.

The graphs in Fig. 10 provide the average number of risky contacts per agent but do not provide information on how equally
hese contacts are distributed over the customers and staff. Graph (a) in Fig. 11 presents how these risky contacts are distributed
ver the customers. In all 15 scenarios there are 3 staff members so the number of risky contacts a customer can have with a member
f staff is a number between 0 and 3. The bars show the fraction of customers that have risky contacts with respectively 1, 2 or all
staff members. The remainder of the customers has no risky contacts with any staff member. For example, in the base case layout

nd base setup (the left most bar in graph (a)) about 18% of the customers has a risky contact with only 1 staff member, about
5% has a risky contact with 2 staff members, about 4% with three staff members and about 63% has no risky contact with any of
he staff members. These bars show that in all cases a minority of the customers has one or more risky contacts with staff members
15
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Fig. 11. The distribution of the number of (a) risky contacts and (b) contacts within 1.5 m for customer–staff interactions. Each bar presents the fraction of
cases where a customer had (a risky) contact with respectively 1, 2 or all three of the staff members. In the remainder of the cases the customer had no contact
at all with any of the staff members.

Fig. 12. The distribution of the number of (a) risky contacts and (b) contacts within 1.5 m for staff–customer interactions.

s all bars have a height below 0.5. This despite the fact that, as graph (b) Fig. 11 shows, most customers come within 1.5 m of all
hree staff member during their stay. Furthermore, they also show that it is not uncommon for some customers to have 2 or 3 risky
ontacts with the waiters.

Graph (a) of Fig. 12 shows that the risky contacts between the customers and the staff are also not necessarily equally distributed
ver the staff members. The box/violin plots show that the majority of cases are centred around the median value which indicates
hat in most cases the differences are in the order of a few contacts. However, in all scenarios the difference between the maximum
nd minimum number of risky contacts and the median number of risky contacts is large (i.e. in the order of 5 to 10 contacts). This
eans that some members of staff run a far higher risk of getting infected due to the larger number of risky contacts than other

taff members. Comparing these distributions to the distribution of the number of contacts per staff member (Fig. 12.b), it is clear
hat the variance in the number of contacts is, relatively, much smaller than the variance in the number of risky contacts.

Now, observing that:

1. the distributions of risky contacts between customers and staff do not correlate well with distributions of the number of
contacts

2. most of these risky contacts are caused by the 1-min criterion

t suggests that these contacts occur when a member of staff is standing close to the table for more than a minute (which is a rather
ong activity such as explaining the card and taking an order for example). In this case most people at the table are probably at a
istance of more than 1 m from the staff member but clearly not all which would explain why many have no risky contact with a
ember of staff and some with all three. It would also explain why in some cases some staff members have a far larger number of

isky contacts compared to others. If these staff members happen to mostly perform the longer activities (i.e. those longer than a
16

inute) than they would logically also have the most risky contacts.
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Table 2
The statistical test values for significance and effect size for the comparison between the different restaurant layouts.

Busy corner Long restaurant

𝑝 𝛿 𝐷 𝑝 𝛿 𝐷

Customer–staff Base Stat. insig. 0.000 0.077 0.086
Neighbourhoods 0.000 0.013 0.015 0.000 0.073 0.074
Time slots Stat. insig. 0.000 0.068 0.074
Shorter visits Stat. insig. 0.000 0.059 0.064
Longer visits Stat. insig. 0.000 0.089 0.105

Staff–customer Base Stat. insig. 0.000 0.552 0.445
Neighbourhoods Stat. insig. 0.000 0.539 0.431
Time slots Stat. insig. 0.000 0.467 0.358
Shorter visits Stat. insig. 0.000 0.450 0.362
Longer visits Stat. insig. 0.000 0.613 0.486

So, in short, the data suggest that the driver of the risky contacts in a restaurant setting are the contacts between customers
nd staff in the case that a staff member is standing close to the table for a minute or more. Furthermore, the data show that staff
embers run the largest risk of getting infected, provided someone in the restaurant is infectious, as well as pose the largest risk

o infect visitors in a restaurant at a large scale.
How can these results be used to inform policy? First and foremost, the results suggest that any virus transmission mitigation

olicy should focus on preventing virus transmission from the staff to the customers. This because any infectious staff member can
otentially infect many customers (i.e. due to having many risky contacts) whilst an infectious customer is not very likely to infect
taff members (more than half of the customers does not even have a single risky contact). These mitigation strategies could, for
xample, entail staff getting tested regularly to prevent them from working while potentially infectious or staff wearing face masks to
educe the probability of them transmitting the virus if they are unknowingly infectious. Policies aimed at preventing customers from
nfecting staff member can also be relevant as the likelihood of this happening is not completely unlikely. This could, for example,
nvolve customers having to show a recent negative test result before entering the restaurant. Lastly, any measure that could prevent
taff members standing within 1 m of a customer for a minute or more would greatly reduce the risks of virus transmission in both
ays.

.2. The impact of the restaurant layout and setup on the likelihood of experiencing risky contacts

Fig. 10 shows that both the restaurant layout and the setup impact the number of risky contacts between customers and staff.
dditionally, the results shows that customers have no risky contacts with each other. Therefore, the focus of this part of the analysis

s solely on the interactions between customers and staff.
The first thing that the graphs (a) and (b) in Fig. 10 and graph (a) in Figs. 11 and 12 tell us is that the busy corner layout

oes not result in a significant different number of risky contact or a different distribution of those risky contacts over the agents
ompared to the base case layout. This is also supported by the fact that the differences are statistically insignificant and/or the
ffect sizes are very small (see Table 2).

The long restaurant layout has more impact. This layout results in fewer risky contacts than the other two layouts. From the
ustomer’s point of view this effect is still very small as the values in the table show. From the staff’s point of view the difference is
uch larger. This is likely due to the difference in group size (3 staff members versus 48 to 112 customers depending on the setup).
s to the reason why the long restaurant layout results in fewer risky contacts, this is likely due to the relation between the layout
nd the location where staff stands when performing an activity at a table. In the long restaurant layout, this location is generally
uch that the staff member is standing close to fewer customers than is the case for the other two layouts.

For all three layouts, the restaurant setup can have an effect on the number of risky contacts between the customers and the
taff. The use of time slots or shorter but more visits has no significant or a very small effects as is shown in Table 3. Although
n the shorter visit case it must be noted that the effect, though small, is larger from the customer’s point of view than from the
taff’s point of view. This is caused by the fact that there are fewer interactions per visit between the staff and customers but more
isits. So, the customers experience slightly fewer risky contacts with the staff whilst the staff experiences and equal number of risky
ontacts.

The use of neighbourhoods has an impact on the number of risky contacts as well and especially on the distribution over the
gents. From the customer’s point of view, the number of risky contacts drops slightly (Fig. 10.a) and it is more likely that those
isky contacts are partly caused by being with 1.5 m for more than 15 min. However, the impact of the neighbourhoods is best
een in how the risky contacts are distributed over the customers. Compared to the other setup, the overwhelming majority of the
ustomers in the neighbourhood setup only have a risky contact with one member of staff (provided they have at least one risky
ontact) and only very few have two or three risky contacts. This is also supported by the fact that the Kolmogorov–Smirnov (KS)
est statistic is larger than the cliff’s delta value indicating that the difference in distribution shape is larger than the difference in
entral tendency (Table 3).

From the staff’s point of view, neighbourhoods have a larger impact compared to the impact for the customers. Graph (b) in
ig. 10 and graph (a) in Fig. 12 show that the number of risky contacts decreases significantly when the neighbourhood setup is
17
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Table 3
The statistical test values for significance and effect size for the comparison between the different restaurant setups.

Customer–staff Staff–customer

p 𝛿 D p 𝛿 D

Base case Neighbourhoods 0.000 0.063 0.170 0.000 0.857 0.695
Time slots 0.030 0.012 0.012 0.019 0.100 0.084
Shorter visits 0.000 0.080 0.073 0.076 −0.067 0.071
Longer visits 0.000 −0.092 0.103 0.000 0.496 0.367

Busy corner Neighbourhoods 0.000 0.070 0.164 0.000 0.875 0.736
Time slots 0.000 0.011 0.009 0.007 0.117 0.091
Shorter visits 0.000 0.077 0.069 0.052 −0.078 0.071
Longer visits 0.000 −0.097 0.101 0.000 0.485 0.383

Long restaurant Neighbourhoods 0.000 0.032 0.148 0.000 0.905 0.786
Time slots 0.181 0.002 0.005 0.116 0.029 0.064
Shorter visits 0.000 0.053 0.060 0.000 −0.154 0.164
Longer visits 0.000 −0.061 0.089 0.000 0.571 0.474

compared to the base setup. Table 3 additionally shows that it is mainly a change in central tendency of the distribution and not in
the shape (Cliff’s delta is larger than the KS statistic). The fact that the impact of using neighbourhoods is larger for the staff than
for the customers can be explained by the big difference in group size.

Longer visits also impact the number of risky contacts between customers and staff. The impact is the opposite of the impact
horter visits have. For customer the number of risky contacts increases slightly and also the distribution of those risky contacts
hanges with more customers having two or three risky contacts. For staff the number of risky contacts decreases significantly
hough less strongly than in the neighbourhood case. The main explanation for this trend is the fact that the probability that a
ustomer experiences a risky contact is closely tied to the visit duration of that customer. For the staff it is also tied to the number
f different people visiting the restaurant during the shift of that staff member.

Overall, the data shows that both the restaurant layout and the setup can influence the number of risky contacts and that
his influence is larger on the number of risky contacts staff experience than the number of risky contacts customers experience.
urthermore, the main driver for the difference between customers and staff are the number of possible risky contacts (maximally
versus maximally 48 to 112 depending on the setup).

How can these results be used to inform policy? Layout can impact the number of risky contacts but not necessarily. This
eans that a policy that is effective in one restaurant is not necessarily as effective in a restaurant with another layout. It also means

hat results obtained using one specific layout cannot necessarily be transferred to another restaurant with another layout. Hence,
t is relevant to model individual restaurants to get more precise insights or to model a wide range of commonly occurring layouts.
he setup has a bigger and more consistent impact on the number of risky contacts. Especially the use of neighbourhoods can reduce
he risks of virus transmission in a restaurant. This suggest that advising restaurants to use serving neighbourhoods might be one
f the possible generally applicable mitigation policies. Furthermore, the number of activities staff performs at a table in relation to
he visit of a group of customers correlates positively with the number of risky contacts. So, any policy that can reduce the number
f times that staff has to visit the table will reduce the risks.

.3. The sensitivity to the close contact definition

The definition of a close contact depends on two threshold values; one time and one distance threshold. These values differ
lightly per country which indicates some uncertainty about the exact values of these thresholds. Therefore, this part of the analysis
ocusses on the question how sensitive the results are to the exact thresholds. Here, we use the following set of alternative threshold
ettings:

1. Removing the within 1 m for a minute or more criterion leaving only the 15 min or more cumulatively at 1.5 m or less
criterion.

2. Increasing the distance threshold for the within 1.5 m for 15 min or more (cumulatively) criterion to 1.8 m or 2.0 m
3. Decreasing the cumulative time threshold for the within 1.5 m for 15 min or more (cumulatively) to 10 min or 5 min
4. Increasing the distance threshold and decreasing the cumulative time threshold. These are the four combinations of the two

variations described above (i.e. d = 1.8 & t = 10, d = 1.8 & t = 5, d = 2.0 & t = 10, d = 2.0 & t = 5).

The three graphs in Fig. 13 present the relative change in the average number of risky contacts between customers and staff
or different variations to the close contact definition. The graphs show that some variations to the close contact definition would
esult in significant changes to the number of risky contacts. Decreasing the cumulative time threshold to 5 min and increasing
he distance threshold results in two to almost four-fold increases in the average number of risky contacts between customers and
taff when compared to the base definition of a close contact. Contrary, removing the 1 min or more within 1 m criterion leads to
100% decrease of the number of risky contacts (i.e. no more risky contacts) in most cases. This is expected because the data in

ig. 10 shows that the overwhelming majority of risky contacts is caused by this criterion.
18
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Fig. 13. The sensitivity of the number of risky contacts between customers and staff to the close contact definition. A change of 1 indicates a 100% increase
n the number of risky contacts compared to the base definition of close contact.

Fig. 14. The sensitivity of the number of risky contacts between customers to the close contact definition.

The graphs also show two other notable patterns. Firstly, the sensitivity depends on the setup of the restaurant independent
f the layout. For all three layouts we see that the neighbourhood and longer visit setups are more sensitive to the changes in
he definition and the shorter visit setup less sensitive. Secondly, the sensitivity also depends on the layout but not necessarily.
he base case layout and the busy corner layout show a similar sensitivity to the change in the close contact definition. The long
estaurant layout is generally more sensitive to changes in the close contact definition. The main reason for the higher sensitivity of
he long restaurant layout and the neighbourhood and longer visit setups is that in those case the chance that a customer has many
nteractions with a particular staff member is higher compared to the other scenarios. The more interactions between a customer
nd a particular staff member, the more likely that the cumulative contact time exceeds the threshold value.

All in all, the graphs identify that the number of risky contacts between customers and staff is sensitive to the exact definition
f a close contact. To what degree the results are sensitive to the close contact definition is context dependent with certain layouts
nd setups being more sensitive than others.

Fig. 14 presents how much the average number of risky contacts per agent would increase or decrease if the close contact
efinition changes. The graphs show that a change in the close contact definition would only impact the long restaurant layout.
n this case the results are primarily sensitive to an increase in the distance threshold. This is caused by the fact that the chairs in
he long restaurant layout are closer to each other than in the other two layout. So, despite the fact that the chairs are placed such
19
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that customers from different groups are seated at more than 1.5 m of each other a certain fraction is not placed such that they
are 1.8 or 2.0 m from each other. This shows that the chance that one customer infects another customer is highly dependent on
how accurate the value for the distance threshold is. If this value is underestimated and a restaurant layout is based on this value,
the risk of virus transmission might be underestimated. Certainly, because our analyses in Section 6.1 show that customer customer
interactions play no role in the number of risky contacts presuming that this distance threshold is accurate. It also has to be noted
that the time slots setup has a noticeable impact in this case due to the fact that tables can only be occupied by a single group
during a certain time slot. This leads to fewer possible contacts between customers when they are both seated and this to fewer
risky contacts.

Overall, the analysis shows that the number of risky contacts is sensitive to changes in the close contact definition. To which
egree the results are sensitive to the close contact definition depends on the layout whereby an important factor is the location
here staff stands when performing an activity at a table and how often the same staff member serves the same groups at the

ame table. Another important factor driving the sensitivity of the results to changes in the close contact definition is the separation
etween the tables. If the spacing between the tables is based on an underestimated value of the distance threshold, contacts between
ustomers can become risky contacts thus increasing the virus transmission risk in a restaurant.

How can these results be used to inform policy? The results show that the properties of a virus that determine its
transferability, for which the close contact definition is a proxy, impact the virus transmission risk in a restaurant. Therefore, the
results suggest that a change in the transferability properties of a virus, for example due to a new variant, requires an update of the
mitigation policies. The results also show that the model can provide these insights by reinterpreting the simulation results using an
updated close contact definition (provided that the layout and setup of the restaurant remain the same). Furthermore, the results
show that the mitigation policy of physically distancing guest of different groups by ensuring they are seated with the required
physical distance between them is very sensitive to the physical distancing value. If this value is not accurate and too small, the
measure becomes ineffective.

6.4. The sensitivity to the number of infectious people in the restaurant

Logically, the number of risky contacts in and of themselves do not provide insight into the probability of a virus being transmitted
in the restaurant. It also depends on if and how many of the people present in the restaurant are infectious. In this paper we do not
make any assumptions regarding this aspect. However, the number of infectious people can also impact the number of risky contacts
more directly. Namely, via the fact that part of the close contacts definition is based on a cumulative time spend within 1.5 m of
someone else. The cumulative part of the definition does require it to be within 24 h but does not require it to be cumulative over
the contact with a single person. So, imagine there are two infectious people in the restaurant with whom you have been in contact
with within 1.5 m but that the cumulative duration of those contacts is individually below the 15 min threshold but combined above
it. According to the close contact definition you would still be at risk.

By looking at all possible combinations of each customer’s and staff member’s contacts we can identify how much their likelihood
of experiencing risky contacts increases for different combination sizes. To ensure a fair comparison the number of risky contacts
is divided by the number of combinations. The analysis is performed using combination sizes of 1, 2, 3 and 4 (i.e. assuming 1, 2, 3
or 4 people are infectious). This shows that the increase in the number of risky contacts that both staff and customers experience
when we take into account the possibility of more than one person being infectious is very small. Only the longer visit setup shows
any real effect but even in that case the average number of risky contacts increases only by about 0.2 to 0.3 contacts. So, from this
we can conclude that the number of risky contacts is not really sensitive to the number of infectious persons.

6.5. The validity of the activity scheduling model

The data presented so far can also provide insight into the validity of the novel activity scheduling model. The five different
restaurant setups each produce different activity schedules for the customers and/or staff. These should also affect the contacts
among customers and the contacts between customers and staff. Seven hypotheses about the expected impact of the activity scheduler
can be tested when comparing the setups to the base setup. For the interactions between customers one would expect that:

1. The neighbourhood setup does not influence the contact patterns between customers because neighbourhoods only influence
the activity patterns of the staff.

2. The shorter visit setup should increase the number of contacts between customer due to more customers visiting the
restaurant, and thus, more people moving around in the restaurant. For the longer visit setup the opposite is expected.

3. The time slot setup should decrease the number of contacts between customers. This is expected because there are fewer
opportunities for groups to come in contact with each other as each group of customers can only come in contact with
groups that share the same time slot.

Based on Fig. 9 and Table 4 we can conclude that all these hypotheses hold. For all layouts, the difference between the neighbourhood
setup and the base setup is not significant. Similarly, the time slots setup and the longer visit setup show an increase in the number
of contacts compared to the base setup and vice versa for the shorter visits.

For the interactions between customers and staff one would expect that:

4. The time slot setup does not influence the contact patterns between customers and staff. This is expected because this only
20

impacts when the groups can visit the restaurant but not the visit time nor the number of activities of the staff per table.
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Table 4
The statistical test values for significance and effect size for the comparison of the number of contacts between the different
restaurant setups.

Base case Busy corner Long restaurant

𝑝 𝛿 𝑝 𝛿 𝑝 𝛿

Customer–customer Neighbourhoods 1.000 −0.001 0.927 −0.003 1.000 0.002
Time slots 0.000 0.169 0.000 0.253 0.000 0.298
Shorter visits 0.000 −0.067 0.000 −0.148 0.000 −0.168
Longer visits 0.000 0.112 0.000 0.096 0.000 0.061

Customer–staff Neighbourhoods 0.000 0.434 0.000 0.435 0.000 0.266
Time slots 0.000 −0.006 0.000 0.021 0.000 −0.031
Shorter visits 0.000 0.034 0.000 0.033 0.000 0.018
Longer visits 0.000 −0.032 0.000 −0.032 0.000 0.013

Staff–customer Neighbourhoods 0.000 0.988 0.000 0.988 0.000 0.809
Time slots 0.347 −0.033 0.000 0.314 0.000 −0.218
Shorter visits 0.000 −1.000 0.000 −1.000 0.000 −1.000
Longer visits 0.000 1.000 0.000 1.000 0.000 1.000

5. The neighbourhoods setup should decrease the number of contacts between staff and customers because most customers will
only be served by one staff member instead of being served by all three.

6. The shorter visits setup should increase the number of contacts between staff and customers from the staff’s point of view
and for the longer visits setup vice versa. This is excepted due to the number of customers being larger in the shorter visit
setup and smaller in the longer visit setup.

7. The shorter and longer visit setups should have a negligible effect on the number of contacts between staff and customers
from the customer’s point of view. This is due to the fact that given the number of times the staff comes to the table, even
in the short visit setup, it is likely that all three staff members will serve the table at least once during the visit.

Graph (b) of Figs. 11 and 12 and the data in Table 4 illustrate that these hypotheses hold. The effect of the time slot setup on the
number of contacts is either not significant or has such a small effect size that the difference is not relevant. The graphs and table
also show that both the neighbourhood and longer visit setup will significantly decrease the number of contacts from the staff’s
point of view. And also that this is vice versa for the shorter visit setup. Lastly, the values in Table 4 show that from the customer’s
point of view the number of contacts with the staff differs very little in the case of the shorter and longer visit setups compared to
the base case.

The results consistently show the patterns we would expect. Therefore, it is likely that the results provide a realistic view of the
mpact different elements have on the likelihood of risky contacts occurring in a restaurant setting. Yet, more extensive modelling
tudy is advised to quantitatively validate the novel activity choice and scheduling model.

. Conclusions, implications and discussion

This paper presents the application of a pedestrian model to understand the risk of virus transmission in a restaurant.
urthermore, it provides insight into the added value of using pedestrian models to both assess the risk of virus transmission in
restaurant and the effectiveness of mitigation policies. Moreover, it provides a baseline for investigating what the added value is

f adding an explicit virus transmission model. Lastly, to accomplish this, the paper presents a novel pedestrian activity choice and
cheduling model designed to easily provide realistic movement patterns of waiting staff and customers in a restaurant.

Based on the results of previous section we conclude that a pedestrian model can provide insight into different elements
hat influence the risk of virus transmission in a restaurant. The results show that the investigated elements influence the virus
ransmission risk in different ways and to differing degrees. From the results we can conclude that the main factor driving the
ransmission risk in a restaurant are the interactions between staff and customers that are within 1 m and take more than 1 min.
hese interactions are the source of the overwhelming majority of all risky contacts occurring in a restaurant. This is also independent
f the layout and setup of the restaurant although both the layout and the setup can impact the number of risky contacts. From this
e also conclude that mitigation policies focussing on preventing virus transmission through these interactions are most effective.
nd especially preventing staff from transmitting the virus as any infectious staff member is a potential super spreader.

From the results we also conclude that modelling the virus transmission risks in a restaurant using a pedestrian model has added
alue. The model enables a quick but detailed insight into where the transmission risks occur in a specific restaurant and thus which
itigation strategies might be effective for this particular restaurant. Furthermore, it enables testing different layouts and setups

o see if any changes to the layout or setup can reduce the transmission risk. On a larger scale, by modelling different restaurant
ayouts and setups (as was done in this study), we can obtain insight into what drives the virus transmission risk in restaurants in
eneral. This can inform both policy makers and restaurant owners about what measures are effective in reducing the transmission
isks in general.
21
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The application of solely a pedestrian model to investigate virus transmission risks in restaurants also has limitations. First and
oremost, it does not explicitly models the virus transmission but relies on the close contact definition. This means that it inexplicitly
elies on the close contact definition being a good proxy for the virus transmission risk. That is, only direct contacts between people
re considered as a potential sources of virus transmission and transmission via contact surfaces or aerosols in combination with bad
entilation are not taken into account. In future research we aim to look into the added value of integrating this pedestrian model
ith a virus transmission model. This limitation has its advantages as well though. It does not require and extensive calibration
f a virus transmission model and thus requires less data. Furthermore, it can produce results more quickly as it does not require
o run (many replications) of a virus transmission model for each pedestrian model run. Another limitation of the study is lack of
alidation. We currently lack data that relates the movement dynamics in a restaurant to the virus transmission risks. Again, this
eans that the application of a pedestrian model must rely on a proxy, such as the close contact definition, correlating well with

he risk of transmission.
We also conclude that, in order for the model to make an impact, it should be used by the right people. In this case that would

e policy makers and restaurant owners. To account for their (probable) lack in modelling skills and lack of time, the model should
equire few and simple inputs. To achieve this, we present a novel activity choice and scheduling model that requires few and
imple inputs and that, coupled with an existing pedestrian model, can reproduce the movement dynamics of both customers and
aiting for a wide range of dine-in restaurants. One other strength of this new model is that the data required to estimate the few
arameters of the model can be collected using low-tech and privacy friendly methods.

This study also has some limitations with regard to the new model. First and foremost, we currently lack detailed movement
ata in relation to the activities of both customer and staff in a restaurant. Therefore, we cannot yet quantitatively validate the
odel. However, the simulation experiments show that different restaurant setups and the resulting different contact patterns can

e reproduced in line with expectations. Secondly, the model currently assumes that every table is fully occupied. This means that
he results present the worst-case scenario especially in the case of the shorter visits setup where all table are occupied most of the
ime. However, an advantage of this assumption is that the results will present the maximum risk for each restaurant which makes
t easily interpretable.

All in all, this paper shows that pedestrian models can be a valuable tool for policy makers and restaurant owners to obtain
etailed insight into virus transmission risks in a restaurant setting and to inform mitigation strategies. The paper also adds to the
rowing body of literature showing how pedestrian models can aid in developing insights into the virus spread dynamics. And with
his, how pedestrian models can be a valuable tool in reducing the impact of a pandemic caused by an airborne virus. Lastly, the
aper also identifies a lack of models and data pertaining to activity schedules of pedestrian in common indoor spaces, such as
estaurants. Therefore, in order to extent the number of indoor spaces where microscopic pedestrian models can be applied for
irus transmission risks assessment, more research into the topic of pedestrian activity scheduling behaviour is necessary.
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