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At the end of 2019, SARS-CoV-2 rapidly spread across the globe within a few months. Since then,
tackling the virus has been high on national agendas for over three years. As with other respi-

Physical distancing

Respiratory virus

SARS-CoV-2

COVID-19 pandemic

Pedestrian operational movement dynamics
Crowd monitoring

Crowd management

ratory viruses, physical distancing (i.e., requiring sufficient space between individuals) became a
key measure to prevent airborne virus transmission between individuals. However, this measure
significantly reduces the capacity of pedestrian infrastructure, as more space is needed between
people. This paper develops a capacity framework designed to calculate the capacity of pedestrian
infrastructure, evaluate its state, and propose tailored interventions when physical distancing
regulations are enforced. The framework is founded on the current state-of-the-art in pedestrian
operational movement dynamics and determines capacity using three independent key perfor-
mance indicators: flow rate, density, and interactions. Through two case studies from the COVID-
19 pandemic, this paper demonstrates how the framework identifies when and why pedestrian
infrastructures become unsafe and enables targeted interventions. The framework’s relevance
extends beyond the COVID-19 pandemic, offering insights into crowd management and resilient
pedestrian infrastructure design for future airborne disease outbreaks.

1. Introduction

Originating in Wuhan, China, in December 2019, SARS-CoV-2 spread rapidly worldwide, causing the COVID-19 pandemic (COVID-
19 is the disease caused by the virus). Since then, at least 760 million cases and 6.9 million deaths have been reported worldwide
(World Health Organization, 2024). The World Health Organization classified the pandemic as a public health emergency of inter-
national concern (PHEIC) from January 30, 2020, to May 5, 2023 (Reuters, 2024).

Like other respiratory viruses, SARS-CoV-2 predominantly transfers between individuals through droplet spread, aerosol spread,
and fomite transmission (Atamer Balkan et al., 2024). To limit the propagation of the virus throughout the world and countries, drastic
but diverse measures have been taken at the national level. Traffic of goods and people through Europe has been limited for months,
restaurants and hotels have been closed in many countries, and most people have been asked to work from home. Most importantly,
physical distancing has been issued in most EU countries pertaining to interactions with unrelated individuals to enable people to
perform most daily activities again. Physical distancing, a non-pharmaceutical intervention, incites people to keep their physical
distance from other unrelated individuals and refrain from social interactions such as shaking hands, hugging, and embracing. The
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exact details of physical distancing regulations vary by country, from 1.0 m recommended by the World Health Organization (2020) to
6 feet (1.82 m) cited by the U.S. Centers for Disease Control and Prevention (2020).

As a result of the physical distancing regulations, the capacity of pedestrian infrastructure across the globe has plummeted. For
example, the capacity of the main shopping street in Amsterdam, named de Kalverstraat, can only host 12% (3736P/h) of its original
capacity (30.857P/h) (Duives et al., 2020). While parks, shopping areas, and transfer hubs could easily cope with demand before the
COVID-19 outbreak, most pedestrian infrastructure is now running at capacity. City officials struggled with two questions, namely 1.
‘What characteristics of the space and crowd dynamics determine the new COVID-19"safe” capacity of pedestrian infrastructure?’ and
2. ‘What methodology can be used to evaluate whether a pedestrian infrastructure currently exceeds the COVID-19”safe” capacity?’.
Here, capacity is defined as the total number of people that can reside in a particular area at the same time performing a variety of
actions (e.g., walking, standing still, queueing), and the ‘safe’ capacity refers to the capacity at which the chance of contagion is
minimized according to the latest guidelines of a particular country.

This paper aims to develop a capacity framework that can be used to determine the capacity of pedestrian infrastructure, evaluate
its state, and propose tailored interventions when physical distancing regulations are in place. The current state-of-the-art in pedestrian
operational movement dynamics will serve as a basis for this framework and the underlying key performance indicators (KPIs). Please
note that this paper will not discuss the epidemiological reasoning on which the physical distancing regulations are founded but will
adopt these as the starting point for the development of the capacity framework. Given that little is known about pedestrian opera-
tional movement dynamics during the physical distancing era to build on, logical reasoning is used to specify the framework and KPIs
further. Afterward, the physical distancing capacity framework is applied to two practical case studies during the COVID-19 pandemic
to demonstrate its usage. Additionally, we will reflect on the usability of the new framework in supporting real-time management,
evaluation, and design of pedestrian infrastructure during a respiratory virus pandemic.

This paper contributes to the state-of-the-art in two ways. First, the paper provides an overview of lessons the authors learned
during the rapid prototyping of this capacity framework during the COVID-19 pandemic. Second, and more importantly, the frame-
work offers a tool to quickly develop real-time crowd monitoring and management schemes for pedestrian infrastructure during future
respiratory virus pandemics. In addition, the framework allows us to evaluate to what extent the pedestrian infrastructure is prepared
for a new pandemic featuring an airborne disease.

This paper will continue as follows. First, section 2 discusses the state-of-the-art capacity frameworks for pedestrian infrastructures
and the physical distancing regulations during the COVID-19 pandemic in several countries, including the Netherlands. Section 3
details the new physical distancing capacity framework and underlying KPIs accordingly. Sections 4 and 5 introduce the two case
studies and demonstrate the application of the physical distancing capacity framework in these two cases. Section 6 discusses the
lessons derived from these two case studies. Section 7 discusses the applicability of the new framework for the design and management
of pedestrian infrastructure during a respiratory virus pandemic in the future. The last section concludes this paper with a brief
discussion and some indications of future work.

2. State-of-the-art on pedestrian capacity frameworks and physical distancing regulations

To develop a physical distancing capacity framework, first, a good insight into the literature pertaining to existing capacity
frameworks is required. Besides that, it is essential to understand the requirements of the new framework. In this case, the re-
quirements predominantly feature the physical distancing regulations in various countries during the COVID-19 pandemic. The dis-
cussion will first cover existing capacity frameworks, followed by an overview of the physical distancing regulations of various
countries during the COVID-19 pandemic.

2.1. Developments in pedestrian capacity frameworks

Greenshields et al. (1935) presented a parameterization of traffic behavior. They introduced the relation of traffic flow (q =k - u)
and found that there is a limit to the number of vehicles that can move through a particular cross-section. This natural limit on the flow
rate is coined flow rate capacity. Besides that, Greenshields et al. (1935) also showed a natural limit to the number of vehicles one can
statically store on a road stretch, often called the jam density or storage capacity.

Until 1971, only a fundamental relation featuring vehicular traffic on a one-dimensional stretch of road existed. At that time, Fruin
(1971b) introduced a parameterization of this fundamental relation for pedestrians, which relates the flow rate to a two-dimensional
area instead of a one-dimensional line. Besides that, he presented a Pedestrian Level-of-Service (PLoS) concept, which translated the
quantitative description of the crowd movements into a qualitative assessment of the crowdedness (Fruin, 1971a). Even though very
progressive, a general disadvantage of Fruin’s PLoS framework is that it does not consider the temporal dimension and contextual
dynamics of pedestrian traffic.

In the years to follow, several studies attempted to incorporate the situational context into the seminal work of Fruin (e.g., Landis
et al. (2001); Bian et al. (2007)). In 2008, Dowling et al. (2008) reviewed the PLoS models developed up to that year and established
that the variables of most adaptations of Fruin’s PLoS model are not generalizable and depend heavily on the context for which the
PLoS model was initially estimated. More recent reviews by Raad et al. (2017) and Banerjee et al. (2018) show that this has changed
since 2008. That is, the macroscopic flow variables density and flow are still at the basis of most PLoS frameworks. More recent PLoS
models mainly added geometric infrastructure characteristics (e.g., walkway width, gradient, and crosswalk distance), traffic char-
acteristics (e.g., roadway volume, pedestrian speed, and delay time), or user characteristics (e.g., age, gender, and noncompliance rate)
to the model formulation. Recently, researchers started studying the impact of time and perception on PLoS (e.g., van Gelder (2018);
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Finch (2010); Grolle (2016); Raad and Burke, (2017) and Hoskam (2017)). Compared to Fruin’s PLoS model, most recent PLoS
frameworks are better equipped to handle the complexity of urban traffic. However, under these exceptional circumstances of physical
distancing regulations, none of the PLoS frameworks applies because we assume that the pedestrian operational movement dynamics
changed on which the framework was founded.

Another way to identify the capacity of pedestrian infrastructure is by directly using the pedestrian fundamental diagram (P-FD).
Since 1971, many scientists have further detailed the fundamental relation for pedestrian traffic and added additional levels of
complexity. Most researchers studied the impact of various movement base cases on the P-FD and capacity (e.g., Seyfried et al. (2007);
Kretz et al. (2006); Zhang et al. (2011) and Cao et al. (2017)). Other researchers explored the impact of the context and population on
the P-FD and capacity (e.g., Daamen and Hoogendoorn (2010); Garcimartin et al. (2014); Subaih et al., 2019; Haghani et al. (2020)). A
last group of studies included the impact of various cultures on the P-FD (e.g., Chattaraja et al. (2009)). The main benefit of the P-FD is
that it is a quantitative relation, which allows crowd managers to objectify their decision-making.

However, the question is whether the P-FD is applicable during a respiratory virus pandemic. Firstly, because we assume that not all
pedestrians will adhere to the physical distancing regulations. Initially, the P-FD was limited by means of a natural limit. People are
physically unable to move faster because the presence of others constricts their movements. This natural limit is far less stringent when
the physical distancing regulations apply because of the large difference between the minimal required physical distance to protect the
crowds’ health and the minimum required physical distance to be able to move.

Constricted movements will still arise if all people strictly follow the regulations. Yet, we expect the behavior of pedestrians near
capacity to change due to the lack of physical constriction. In contrast to ‘normal’ capacity restrictions, people can still walk freely and
are thus expected to retain a relatively higher speed when the physical distancing capacity of a pedestrian infrastructure is almost
reached. Thus, we expect that the part of the speed-density relation leading up to the capacity has a different shape under physical
distancing circumstances.

Given the large role of rule compliance and the potential changes in walking dynamics, using a contextual fitting P-FD to determine
the limit of a pedestrian infrastructure will not suffice. Instead, a framework is needed that computes the ‘safe’ capacity for pandemics
such as the COVID-19 pandemic based on the latest epidemiological insights regarding the necessary physical distance to curb res-
piratory virus transmission and the crowd’s capabilities to retain their distance in a theoretically safe infrastructure.

2.2. Physical distancing regulations across countries

During the COVID-19 pandemic, various governing bodies, universities, and health agencies drafted physical distancing regulations
to limit virus transmission between non-household members. This refers to the minimal acceptable distance from body surface to body
surface between unrelated individuals. For example, two students living together are considered related, but a father and son in
separate households are not.

A quick search on the internet reveals that various countries apply different distances for the physical distancing regulations. The
World Health Organization (2020) and France (Gouvernement.fr, 2020) specify the lowest physical distance that should be adhered to
between unrelated individuals, which is 1.0 m. The maximum physical distance is instigated by, amongst others, the United Kingdom
(BBC.com, 2020), namely 2.0 m. Many countries have physical distancing regulations in the middle of this spectrum. Germany, Spain,
and the Netherlands stipulated a physical distance of 1.50 m (Spain.info, 2020; Bundesregierung.de, 2020; Rijksinstituut voor
Volksgezondheid en Milieu, 2020). In the United States, the Centers for Disease Control and Prevention (2020) specifies 6 feet (1.82
m). Given the variation between countries, a physical distancing capacity framework must be flexible enough to cope with these
varying physical distancing regulations.

Besides, most countries stipulate additional safety precautions and allow infringements on the physical distancing regulations when
keeping the required distance between unrelated individuals is challenging. For example, in France and Spain, facial masks are
required in a large number of crowded tourist areas, and in most EU countries, facial masks are made obligatory in public transit
(Spain.info, 2020; Gouvernement.fr, 2020). In addition, educational facilities for children and teens, such as primary and secondary
schools, feature less stringent regulations in many countries, including the Netherlands (Rijksinstituut voor Volksgezondheid en
Milieu, 2020). Yet, most governing bodies are adamant that physical distancing is preferred over close contact between individuals
wearing a facial mask in those cases (e.g., Rijksinstituut voor Volksgezondheid en Milieu, 2020). Thus, even though the physical
distancing capacity framework should be able to cope with local variations in the physical distancing regulations, it remains essential
to, also in those situations, still attempt to enforce the country-specific general physical distancing regulations.

3. Designing the physical distancing capacity framework

This section outlines the key design choices made in developing the new physical distancing capacity framework. First, the
framework’s program of requirements is described. Next, the design strategy is explained, and an overview of the framework’s general
structure is provided. Then, the minimum space requirements for pedestrians are presented and parameterized. Finally, the subsequent
three sections delve into the framework's three key performance indicators (KPIs): flow rate, density, and interactions.

3.1. Requirements for the physical distancing capacity framework

The authors have been involved in discussions with various Dutch municipalities pertaining to the capacity of crowded pedestrian
infrastructure during the COVID-19 pandemic. Based on these discussions, five general requirements for the new framework were
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identified.

Requirement 1. Rules and regulations — The framework should be flexible concerning the local physical distancing regulations. As
mentioned before, the physical distancing regulations vary heavily between countries. Moreover, differences in COVID-19 rules and
regulations between functionally distinct pedestrian infrastructures (e.g., public transit, education, and touristic areas) are observed
(Rijksinstituut voor Volksgezondheid en Milieu, 2024). Thus, the framework should be flexible in terms of local physical distancing
regulations.

Requirement 2. Spatial layout — The framework should be flexible concerning the spatial layout of the pedestrian infrastructure.
Pedestrian infrastructure is very diverse. It ranges from general-purpose traffic streets with a pedestrian path to crowded squares. It is
important that the new physical distancing capacity framework can be used to monitor a wide variety of pedestrian infrastructure. This
requires the framework to be flexible concerning the spatial dimensions of the infrastructure. In particular, the width of the total
walkable area should be an input of the framework and how to deal with obstacles in this walkable area.

Requirement 3. Functional layout — The framework should be flexible concerning the functional layout of the infrastructure.
Infrastructure can have different functions, including walking, waiting, and queueing. It is imperative that the framework can signal
capacity breaches for all these functionally different infrastructures. Depending on the function of the infrastructure, potentially
different traffic flow variables should be used to monitor this infrastructure. Thus, the physical distancing capacity framework should
either incorporate the function of the infrastructure as an input or be able to, irrespective of the function, signal when the physical
distancing regulations are violated.

Requirement 4. Compliance dependent — The framework should be able to identify compliance behavior with the physical distancing
regulations. The framework assumes pedestrians attempt to follow the rules and regulations. However, our experiences during the
COVID-19 pandemic show that this intention does not always lead to rule compliance (van Schaik et al., 2024). Accidentally or
purposefully, pedestrians violate the physical distancing regulations, even when there are few other pedestrians around. A physical
distancing capacity framework must signal issues resulting from non-compliance. For instance, it should signal when people are
standing too close to each other while the theoretical limits of the pedestrian infrastructure have not yet been met.

Requirement 5. Real-time evaluation — It is challenging to predict how many pedestrians will reside in a particular area at a given
moment. Thus, most municipalities want to use the physical distancing capacity framework to monitor and evaluate pedestrian
infrastructure in real-time. This requirement means only variables can be used in the framework that one can monitor and compute in
real-time. For most crowd monitoring systems, this is a very limited set of variables featuring, amongst other things, flow rate, density,
and the location of all pedestrians in the field of view.

3.2. Design strategy and layout of the physical distancing capacity framework

The five requirements detailed in the previous section are used as the foundation of the new physical distancing capacity frame-
work. The relations between the requirements identified in section 3.1 and the elements of the framework presented below are shown
in Fig. 2 at the end of this section.

To this end, we propose a ‘scenario-based’ method, where the scenarios refer to situations that are (potentially) unsafe in terms of
airborne virus transmission. In doing so, we make the framework generic, where the scenarios cater to the specific characteristics of the
infrastructure considered.

In this study, three specific scenarios are considered in which potential airborne virus transmission pathways are triggered:

1. Too many people attempt to move through a limited cross-section,
2. Too many people are standing, queueing, or waiting in a limited space, and
3. People do not comply with physical distancing regulations even though there is enough space.

These scenarios are based on current knowledge of the SARS-CoV-2 transmission pathways. More scenarios can be included in this
list when scientists identify new pathways.

The difference between scenarios 1 and 2 pertains to the operational movement dynamics of the pedestrians (i.e., in scenario 1, they
are moving, while in scenario 2, they are stationary). In an unidirectional homogeneously distributed crowd, scenarios 1 and 2 are
equivalent. However, even in unidirectional streets, pedestrians tend to overtake one another due to speed heterogeneity. As a result,
the theoretical maximum density of a crowd walking through a street is often smaller than the theoretical maximum density of a
stationary crowd in that same street. The difference between scenarios 1 and 2 compared to scenario 3 pertains to the compliance of the
pedestrians with the regulations. As such, this last scenario is related to the behavioral maximum capacity of a space.

These three scenarios can be monitored using three different traffic flow variables. The first scenario is related to the number of
pedestrians walking through a street for a short period, which can be monitored using the flow rate. The second scenario concerns the
maximum number of people that can stand still in a pedestrian area, which can be monitored using the density. The third scenario is
related to the distance between individuals, which can be monitored via the headway. In particular, headways smaller than the
physical distancing regulation between pedestrians are of interest in relation to airborne virus transmission. Instead of incorporating
the headway directly, we have transformed the headways into the number of interactions with a headway smaller than 1.50 m (the
physical distancing regulation stipulated by the Dutch government). Hereafter, we coin this third variable ‘interactions KPI’ in the
remainder of this paper. Only the latest crowd monitoring systems allow for the computation of this variable. For each variable, from
here on called KPI, the current value of the KPI is compared to the KPI threshold to derive the state of the pedestrian infrastructure
Skpi(t) utilizing Egs. (1)-(4). Here, q(t), k(t), and I(t) represent the measured flow rate, density, and interactions recorded by the
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monitoring system. S;(t), Sk(t), and S;(t) are the normalized flow rate, density, and interactions KPIs at time t. The state is normalized
by means of the three thresholds (i.e., Ty, Ty, and T;). The exact definition of all three KPIs and their thresholds are described in the
following section.

(t)

Sq(t) = Tq (€}
Silt) = %) @
Si() = I(T—t) ®
Skpr(t) = min(1, max (S, (t), Sk(t), Si(t) ) ) (O))

In general, we would expect scenario 3 to be the first scenario to occur because it requires the lowest number of pedestrians to be
activated. Yet, theoretically, both scenarios 1 and 3 can arise without the others being triggered beforehand. Consequently, to monitor
the physical distancing capacity of pedestrian infrastructure, we need to monitor all three KPIs simultaneously. This means that our
framework comprises three KPIs, which jointly provide insight into the status of the pedestrian infrastructure. The framework is
visualized in Fig. 1. Here, the state of the metric that is relatively closest to its threshold (i.e., the red dial) determines the state of the
pedestrian infrastructure Sp;(t). The maximum value of the dial is capped at 1 (see Eq. (4)) to allow for a precise interpretation and
visualization of the physical distancing capacity state.

Please note that the threshold on each KPI varies over space because it depends on the local context (i.e., spatial layout). Moreover,
the thresholds also vary over time at a given location because the thresholds are dependent on group dynamics and the function(s) of
the pedestrian infrastructure. The function of pedestrian infrastructure, for example, market squares or general-purpose streets, also
affects the walkable area and, as such, the maximum acceptable flow rate. The presence of groups of related individuals in a crowd
increases the thresholds on all three KPIs, where the extent to which the threshold varies depends on the distribution of group sizes, the
spatial formation of the individual groups, and the spatial distribution of groups over the crowd.

In this paper, we will detail how to incorporate the function of pedestrian infrastructure and provide some first suggestions
regarding the implementation of group dynamics in the framework. However, to limit the complexity of the paper, we will refrain from
comprehensively describing how to deal with group dynamics in the physical distancing capacity framework. More elaborate research
is required to fully incorporate group dynamics into the framework.

Fig. 2 shows the relation between the five requirements presented in section 3.1 and the framework's elements. In essence, the
framework consists of a set of metrics that can be adapted for each new context and use case. The need for real-time evaluation, crowd
compliance, the functional layout, and the spatial layout pose requirements on the type of metrics. Each metric M, features a state S,,(t)
and a threshold T),. The state is determined by the layout, the function of the infrastructure, and the crowd’s compliance. The
thresholds of each state are partly determined by the governing rules and regulations, as well as the functional layout of the
infrastructure.

3.3. Minimum space requirements for pedestrians during COVID-19

We determine the KPI thresholds for the Dutch situation, where the minimum physical distance of 1.50 m is adopted. Given this
physical distancing regulation and the average circumference of a pedestrian of 0.45 m x 0.60 m (length x width) Fruin (1971a, b), the
minimum space requirement of one single pedestrian is 1.95 m x 2.10 m (length x width). The reader is referred to Fig. 3 for a
parameterization of the minimum space requirement, where the body width dj, is 0.60 m, the body length dj,, is 0.45 m, and the
required physical distance dpp is set to 1.50 m (i.e., 0.75 m on each side).

If two individuals belong to one household and walk together as a group, the space requirements between them diminish. Studies
featuring the spatial layout of two-person groups identify that these groups mainly walk abreast. As such, the lateral space requirement
of a group increases concerning the lateral space requirement of a single pedestrian. We assume a distance between two individuals of

STATE (Skpi (D)) Skpi(H) =1

r/

FLow RATE KPI (S, ()

[ .

|
DensITY KPI (S, (1)) \ 4 THRESHOLDS
G (Tq.Tr, T))
INTERACTIONS KPI (S; (1)) \ 4
[ .

Fig. 1. Visual impression of the physical distancing capacity framework.
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1. Rules and regulations

2. Spatial layout

3. Functional layout

4. Crowd compliance

5. Real-time evaluation

Fig. 2. Relation between the physical distancing capacity framework and the functional requirements.
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Fig. 3. Specification of the minimum space requirements for single pedestrians (A) and pairs (B).

the same group dgroyp of 0.30 m, which results in an interpersonal distance of 0.90 m between the center points of mass of two in-
dividuals. This interpersonal distance is slightly larger than the interpersonal distance identified by Moussaid et al. (2010); Zanlungo
et al. (2014), and Gorrini et al. (2015) of roughly 0.78 m for situations with relatively high densities. We assumed a slightly larger
interpersonal distance because we expect that group members experience less pressure to stay closely together during low densities. As
aresult, the total lateral space requirement of a 2-person group (pair) is 3.0 m. A pair's longitudinal space requirement remains 1.95 m.

For three or more individuals walking together, the computation of the minimum space requirement per group becomes more
complex because the spatial layout of three persons can vary (Zanlungo et al., 2015). These groups can take up a lot of lateral space
when walking abreast or have an increased lateral and longitudinal space requirement when walking in a back- or forward-pointing V-
shape. In such cases, the maximum lateral and longitudinal dimensions of the convex hull of the outwards pointing boundaries of each
group member determine the minimum space requirement. In the case of three and four-person groups, the minimum convex hull is
achieved when three individuals walk abreast or when two groups of two people walk behind each other.

3.4. Flow rate computation and threshold determination

The flow rate q(t) is defined as the number of pedestrians that walk across a specific cross-section during a predefined period. Using
smart counting sensors (i.e., HD camera + computer vision algorithms, stereovision cameras, or depth sensors), moving objects in
pedestrian infrastructure can be detected precisely. These object traces (id number, x, y, t) are translated in counts, a.k.a. the number of
traces found on both sides of a cross-section within a predefined period (see Eq. (5)). Here, Nj, and Ny, refer to the number of people
moving in two directions across a cross-section in period At.

Nin + Nout

AL (5)

q(t) =
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For monitoring purposes, these counts are often aggregated per minute (Daamen et al., 2016). Yet, recent experiences have shown
that pedestrian flows in pedestrian infrastructure tend to be very unstable (see the two cases in this paper). Consequently, a shorter
aggregation period is required to capture the short bursts in which too many people congregate in space. Thus, a period of 15 s is
adopted. This period is long enough to capture the peaks in the flow rate and short enough to prevent over-conservative assessment by
the physical distancing capacity framework.

The physical distancing capacity framework is mainly used for general-purpose scenarios in pedestrian infrastructure. Here, we
assume that the general scenario the framework should be able to cope with is a bidirectional traffic scenario featuring a crowd with a
heterogeneous speed distribution. To allow for overtaking and bidirectional traffic, the flow rate threshold is limited by the number of
discrete lanes (i.e., one-directional moving queues) that simultaneously fit within the minimum cross-section of a corridor. A more
efficient stacking of pedestrians in space (i.e., in a hexagon shape) would automatically violate the physical distancing regulations
when pedestrians attempt to overtake or move across the same cross-section in opposite directions.

The flow rate threshold T, depends on the spatial layout and the local pedestrian operational movement dynamics. In the longi-
tudinal direction, the flow rate threshold is limited by the average walking speed of the crowd and the minimum distance headway that
individuals have to adhere to. Here, the longitudinal spacing is equal to the physical distancing rules of the respective country where
the framework is adopted (i.e., 1.50 m in the Dutch case).

Given the fundamental relation between flow rate, headway, and speed, one can translate these details into the flow rate threshold
T, using Egs. (6)—(8).

1 w < 2dgy + 2diec + dpp
L= —2d 2dy +d 6)
2+ {W ;”y ++ dll‘“ +de J w > 2dgy + 2di + dpp
PD at
60
qlanemax = (dlonfdPD> (7)
v
Ty =L qne (8)

where L represents the number of lanes, w the width of the corridor, dg, the shy away distance from the wall, dj, the lateral width of an
average pedestrian, d;,, the length of a pedestrian, dpp the minimum physical distancing requirement, qj the total number of pe-
destrians per lane that can pass in one minute, and v the average speed of the crowd. Please note that the number of lanes is an integer.
For the ‘simple’ scenario of a straight corridor without obstacles, Table 1 depicts an example computation of the flow rate threshold T,.

When obstacles are present in the corridor (e.g., trees, dustbins, sensing equipment), the computation slightly changes, given that
obstacles alter the layout of the walkable space. The obstacles can hinder the optimal distribution of pedestrians over space. To es-
timate the impact of the obstacles, the threshold should be computed twice, once using the original computation method and once
while treating the available gaps along the cross-section as separate corridors. The normative flow rate threshold is the smaller of the
two resulting capacities (see Table 2 for the example calculation for a road stretch with an unfortunate obstacle).

When groups are present at the location, the flow rate threshold computation becomes far more complex due to the rapidly growing
combinatorial complexity of the distributions of groups of different sizes of time and space. In general, groups of pedestrians require

Table 1
Example computation of the flow rate threshold T, without obstacles.

Infrastructure and population characteristics
Width of the corridor w = 5.70 m

Average walking speed v = 1.0 m/s

Physical distancing requirement dpp = 1.50 m
Shy away distanced;,, = 0.20 m

Width of an average person dj,; = 0.60 m
Length of an average persond;,, = 0.45 m

Computation maximum flow rate per lane
Total longitudinal spacing = 1.50 + 0.45 = 1.95 m
Time required for one person to pass the cross-section safely = 1.95 /1.0 =1.95s

Total number of pedestrians per lane that can pass in one minuteqjyex = 60 / 1.95 = 30.77 persons per lane

Computation number of lanes

The width of the corridor is larger than 3.10 m (i.e., 2 - 0.20 + 2 - 0.60 + 1.50), and
The required space per extra pedestrian is 2.10 m (i.e., 0.60 + 1.50), so:

Number of lanes L = 2 + floor((5.70 — 3.10) /2.10) = 3 lanes

Flow rate threshold
Flow rate thresholdT; = 3 - 30.77 = 92.31 persons per minute = 1.54 persons per second
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less space than single pedestrians. Thus, more pairs than singles can pass the same cross-section during the same period. Consequently,
the flow rate threshold identified in this paper based on the crowd's movement featuring only single pedestrians is a conservative
estimation of the ‘safe’ capacity.

Yet, due to the assumption of bidirectional traffic featuring a heterogeneous crowd, extending the lane concept is impossible.
Another solution is to fall back to the fundamental relation ¢ = k - u, and determine the flow rate threshold using the average walking
speed of the crowd ¥, the density threshold Ty, and the minimum available width of the cross-section wyygiapie using Eq. (9). Here, Ty can
be made dependent on the distribution of groups and group sizes over time, as shown in section 3.5. However, this second solution will
most likely result in a threshold that is too loose. Both solutions will have unwanted side effects, i.e., ineffective use of the infra-
structure or public health risks. As such, more research is required regarding a fitting solution to incorporate group dynamics into the
flow rate KPL In the meantime, the lane concept will be used in the remainder of this paper to determine the flow rate threshold.

Tq =T-v- Wayailable (9)

3.5. Density computation and threshold determination

Besides flow rate, the crowd’s density k(t) is adopted as one of the KPIs, where density is defined as the number of people that reside
within a predefined space simultaneously. Besides information pertaining to the flow rate, most smart counting systems can provide
information pertaining to the number of pedestrians in the field of view N(t). When combining this data with knowledge of the size of
the area A captured within the field of view, the density can be derived using Eq. (10).

(10)

Similarly to the flow rate, densities are often recorded once per minute. However, given the fast-changing dynamics of bidirectional
crowd movements, this would limit our ability to spot dangerous situations with a limited temporal timespan. Thus, this framework
also records the density at a relatively high frequency every 15 s.

Next, we determine the density threshold Ty. Lagrange showed that the maximum density of circles in an area is achieved using
hexagonal packing (Chang and Wang, 2010). Also, a similar packing results in the highest possible physical distancing density in case
of pedestrian crowds, provided that we assume pedestrians are round. Yet, to achieve this packing in a corridor without violating the
physical distancing rules, the corridor can only be loaded and unloaded in one direction. All pedestrians should walk into the area from
one side while equally distributed across the cross-section before coming to a standstill during the loading process. Similarly, all
pedestrians should walk out of the area on the other side while equally distributed across the cross-section, where the front row starts
walking first. However, we assumed bidirectional traffic in most pedestrian infrastructure. Thus, to allow for bidirectional traffic and
overtaking, spaces' optimal safe storage capacity is achieved when each individual is surrounded by a square box with the dimensions
mentioned in Fig. 3. When we assume an even distribution of pedestrians over an infinite space, this results in a density threshold of
Tk = 375195 = 0.244P/m? in any given area.

Please note that 0.244P/m? is a very optimistic threshold, given that streets will generally not permit the rectangular squares to be
stacked optimally. However, as most pedestrian infrastructure is not entirely straight, a computation in which the greatest integer
number of people that would jointly fit in the minimum width and length of the vision field of the sensor would result in a conservative
estimation. That is, too much available walking space might not be accounted for when using an area's minimum width and length. In
this case, an optimistic density threshold is preferred over a threshold that is too conservative.

Table 2
Example computation of the flow rate threshold T, with an obstacle.

Additional infrastructure characteristics
Location of the obstacle (e.g., a tree) = 2.60 < x < 3.0 m

Computation number of lanes for the left corridor

Width of the left corridor w = 2.60 m

The width of the corridor is smaller than 3.10 (i.e., 2 - 0.20 + 2 - 0.60 + 1.50), so:
Number of lanes L = 1 lane

Computation number of lanes for the right corridor

Width of the right corridor w = 5.70-3.0 = 2.70 m

The width of the corridor is smaller than 3.10 (i.e., 2 - 0.20 + 2 - 0.60 + 1.50), so:
Number of lanes L = 1 lane

Maximum flow rate per corridor when disentangling both corridors
Maximum flow rate = 2 - 30.77 = 61.54 persons per minute

Flow rate threshold
Flow rate threshold T, = min(92.31, 61.54) = 61.54 persons per minute = 1.03 persons per second
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In addition, the density threshold is impacted by group dynamics in a space. Here, the allowable physical distancing density in-
creases when groups of people are present. The density threshold T for a mixed crowd can be determined using Eq. (11), where P,
represent the percentage of 1- to g-person groups in the crowd (potentially at a particular moment in time t), Ny the number of in-
dividuals in a g-person group, and A, the minimum area occupied by a g-person group. Here, depending on the crowd monitoring
system, an average P, can be determined or P,(t) can be determined in real-time, thus making the density threshold dynamic. This
mathematical formulation determines the average number of individuals present for a particular distribution of group sizes and divides
it by the average area required by that particular distribution of groups. The percentages of various group sizes should add up to 1.

_ ngg'Ng
ngg.Ag

Also, in the case of grouping, this particular computation will provide a very optimistic estimation of the maximum density because
the exact constellations of the groups have not been considered. The underlying assumptions of this equation are that groups will be
equally distributed over space and time, space allows these groups to be distributed optimally, and the space layout allows for complete
utilization of the space (i.e., no walkable area goes unused).

Tk an

3.6. Interactions computation and threshold determination

The last KPI of the physical distancing capacity framework is the interactions I(t), where an interaction is defined as any occurrence
of a distance smaller than the local physical distancing rule between any two individuals that are not related, in which we normalize
the number of interactions by the number of people present at the moment N(t) (see Egs. (12) and (13)). Here, d, 4 represents the
distance between a pedestrian of focus p and another pedestrian in its vicinity q. To monitor whether interactions occur, it is essential
to monitor the distance between all individuals in the crowd. Calibrated stereovision and depth sensors can provide this information at
a relatively high framerate. Here, we assume that people follow the physical distancing regulations pertaining to interactions with
unrelated individuals.

: 0 dyy>1.50

l""‘(t):{l dyy < 1,50 (12)

I(t):lzZi (0 — (13)
24pLag PT T N(t)

In crowded pedestrian infrastructure, pedestrian operational movement dynamics fluctuate quickly. Therefore, infrequent snap-
shots of a crowd might not identify non-compliance issues. Interactions might be very short in nature, especially at the border between
lanes moving in opposite directions, but can potentially temporarily encroach on the physical distancing rule. Thus, also for this
measure, it is important to monitor this behavior at a relatively high frequency. To balance this KPI with the other two variables, the
authors have adopted (again) a frequency of 4 frames per minute for this computation.

No interactions should be allowed when only unrelated pedestrians move through pedestrian infrastructure. As such, the threshold
for a 1-person group is 0. However, some interactions between relatives should be allowed when groups are present in a crowd.
Filtering the interactions allowed from the real-time data stream is often challenging to achieve, computationally intensive, and prone
to error. Instead, the authors have opted for a dynamic interactions threshold T;, which can be adapted to the percentage of groups of a
specific size in the crowd P, and the group size N, for a given context (see Eq. (14)). Please note that individuals are accounted for in
this formulation as a 1-person-group. The total interactions allowed within a group of a specific size can be determined by the (N-1)th
triangle number.

3 Ng - Py 2 N,

L=y Ng-Py Ng(Ng—1) 1 (14)

4. Case study 1: The vondelpark

This section applies the physical distancing capacity framework to assess a busy location in Amsterdam, the Vondelpark, where
public safety concerns were raised. It begins with a brief introduction to the case, followed by the results for the three KPIs. The section
concludes with key insights gained from the framework’s implementation at this location and recommendations for optimizing crowd
management.

4.1. Introducing the Vondelpark case study

The Vondelpark is a public park located at the rim of the city center of Amsterdam. Locals and tourists alike frequently visit this
park. On a typical Saturday, you will find pedestrians and cyclists jointly using the shared space paths along the park's length. The
population is very diverse in age, gender, and group size.

On weekdays, the Vondelpark is most busy in the late afternoon. On weekends, the park gets incrementally busier until approx-
imately 16:00, after which the total demand slowly declines until sundown. In the mornings, people predominantly walk and cycle
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over the paths, while during (sunny) afternoons, most people in the park congregate in groups on the lawns.

This case study evaluates to what extent the capacity of a shared space path and its sidewalks near the main entrance of the
Vondelpark (i.e., Stadhouderskade entrance) is exceeded during a busy period. In particular, the study showcases one hour of
monitoring data between 12:00 and 13:00 on Friday, June 12th, 2020, which is the time with the highest demand during this particular
day. On the day the data for this case study was captured, the weather was not bad by Dutch standards (i.e., maximum temperature
26.1C°, clouded, 11.1 mm rain in the evening, little wind — 4.5 m/s). Consequently, people were using the park as they would typically
do.

The monitoring system was installed downstream of the northern main entrance of the park. Stereovision sensors were installed in
two poles in the middle of the path. See Fig. 4 for a picture of the park and the layout of the monitoring area. As one can see, pedestrians
and cyclists can pass the monitoring installation on three sides: the left, the middle, and the right. The trajectory data captured at this
location shows that the people (i.e., a mixture of pedestrians and cyclists) slightly prefer to pass in the middle of the sensors. Moreover,
because the monitoring system is located in a shared space, some cyclist trajectories have been captured by the monitoring system. The
cyclists' trajectories will also be treated as pedestrians for this showcase because we cannot properly distinguish between the two
modes, as there may have been pedestrians with high speeds (i.e., runners) and cyclists with low speeds.

4.2. Flow rate assessment

The flow rate threshold is determined using the computation depicted in Table 3. Here, we assume an average walking speed of 1.0
m/s. In this case, the sensor equipment is located in a relatively open shared space. However, the trees on the sidewalks usually limit
the number of lanes that can be formed. Thus, instead of the 8 lanes, only 7 fit in the available walkable area. As a result, the flow rate
threshold is 3.59 persons per second.

The flow rate recorded at the Vondelpark is visualized in Fig. 5.A. As one can see, the flow rate (i.e., the average flow rate per 15 s)
fluctuates with time. Several peaks can be distinguished at 12:02, 12:16, 12:55, and 12:57. These sudden changes in the flow rate
suggest that one is likelier to see temporally minor violations of the flow rate threshold than temporally elongated violations at this
location. Yet, even at this hour, the flow rate does not reach the flow rate threshold. During the highest peak (1.13 persons per second),
S,(t) is roughly 0.31 (i.e., 1.13/3.59). This means that 31% of the flow rate capacity is used at that moment. The maximum flow rate
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Fig. 4. Visualization of the monitoring area at the Vondelpark (A), the layout of the monitoring area (B), and the trajectories of a subset of pe-
destrians (C).
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Table 3
Computation of the flow rate threshold T of the Vondelpark.

Infrastructure and population characteristics
Width of the corridor w = 15.75 m
Average walking speed v = 1.0 m/s

Additional infrastructure characteristics for compartment 2 (i.e., shared space)
Location of the obstacle (i.e., sensing equipment) = 0.0 <y < 0.75m and 6.0 <y < 6.75 m

Computation maximum flow rate per lane
Total longitudinal spacing = 1.50 + 0.45 = 1.95m
Time required for one person to pass the cross-section safely = 1.95 /1.0 =1.95 s

Total number of pedestrians per lane that can pass in one minuteqe = 60 / 1.95 = 30.77 persons per lane

Computation number of lanes full length (15.75 m)

The width of the corridor is larger than 3.10 m (i.e., 2 - 0.20 + 2 - 0.60 + 1.50), and
The required space per extra pedestrian is 2.10 m (i.e., 0.60 + 1.50), so:

Number of lanesL = 2 + floor((15.75 — 3.10) / 2.10) = 8 lanes

Computation compartments 1 and 3 (4.50 m) (i.e., sidewalks)

The width of the corridor is larger than 3.10 (i.e., 1 - 0.2 + 1 - 0.60 + 1.50), and
The required space per extra pedestrian is 2.10 m (i.e., 0.60 + 1.50), so:
Number of lanes L = 2 + floor((4.50-3.10) / 2.10) = 2 lanes (per compartment)

Computation compartment 2 (5.25 m) (i.e., shared space)

The width of the corridor is larger than 3.10 (i.e.,, 1 - 0.2 + 1 - 0.60 + 1.50), and
The required space per extra pedestrian is 2.10 m (i.e., 0.60 + 1.50), so:
Number of lanes L = 2 + floor((5.25-3.10) / 2.10) = 3 lanes

Flow rate threshold
Flow rate threshold T; = min(2 + 2 + 3, 8) - 30.77 = 215.39 persons per minute = 3.59 persons per second

per 15 s exceeds the threshold multiple times, which is allowed, as 7 people (one per lane) can safely pass per second (see Table 3),
provided it doesn’t consistently surpass this rate. A minimum longitudinal spacing of 1.95 s must be maintained, assuming a walking
speed of 1.0 m/s.

4.3. Density assessment

At the Vondelpark, individuals and pairs were registered by the authors at approximately 80% and 20% respectively. The area that
one individual requires is 4.10 m?, while for a group of two individuals walking abreast, the space requirement per person decreases to

2.93 m? (i.e., 5.85/2). Given the computation mentioned in Eq. (11), the density capacity of the Vondelpark case study area is 0.270P/

2 (o _0801+0202
m” (i.e., 555410162585

Fig. 5B depicts the density development at the Vondelpark over time. This location's density (i.e., the average density per 15 s) is
more stable than the flow rate. This suggests that people have the space to evade each other without issues. The highest density
encountered is 0.031P/m? (at 12:02), which results in an Si(t) of 0.11 (i.e., 0.031/0.270). This means that approximately 11% of the
density capacity is used at that moment. Also, the maximum density per 15 s are well below the density threshold.

4.4. Interactions assessment

Only groups of two or more individuals are allowed to interact, where the exact number of allowed interactions depends on the
group’s size. The estimated percentages of singles and pairs in the Vondelpark case study suggest that for every ten groups, two in-
teractions are allowed (i.e., 10 -[0.80 - 0 + 0.20 - 1] = 2).

Using Eq. (14), the interactions capacity of the Vondelpark case study area is 0.167 (normalized) interactions (i.e.,
T - 1‘(12’1) At s 2'(22’1) -1). Fig. 5C illustrates that the number of interactions (i.e., the average interactions per 15 s)
frequently encroach on the interactions threshold. That is, S;(t) is often 1. Consequently, this measurement suggests that the safe
capacity in the Vondelpark is already met.

4.5. How to interpret and act on the Vondelpark measurements

As a result of the high S;(t), Skpi(t) is often 1. This suggests that the physical distancing capacity of this location is exceeded, and
crowd management actions are required. The flow rate and density measurements provide no reason for concern, given that both
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Fig. 5. Monitoring data for the Vondelpark case study, with average and maximum KPI values per 15 s, and the KPI thresholds represented by a
dashed line.

measurements are generally well within the maximum limits. The relatively high number of interactions at some moments in time
does, however, suggest that people either find it difficult to adhere to the physical distancing regulations or they walk in 2- to g-person
groups in which interactions are allowed (i.e., households). In case of compliance issues with the physical distancing regulations in the
Vondelpark case, crowd management measures should be aimed at optimizing the distribution of individuals and groups over the
available infrastructure. Examples of this type of crowd management measures are variable message signs with alerting messages,
visuals that make the physical distancing regulations explicit, and hosts that alert people when the physical distancing regulations are
not adhered to properly.

5. Case study 2: Utrecht central station

This section presents a second case study, conducted at Utrecht Central Station, one of the largest transfer hubs in the Netherlands.
Unlike the Vondelpark, this location is more consistently crowded and differs significantly in terms of population and pedestrian
movement dynamics. The section begins with a brief introduction to the case, followed by the results for the three KPIs. It concludes
with key insights from the framework's implementation at this location and recommendations for improving crowd management.

5.1. Introducing the Utrecht Central station case study

The second case study features a section of the walkable space inside Utrecht Central station. This space features an intersection
area along one of the main routes through the transfer station. Train travelers ascend the stairs at the top of Fig. 6B to enter the station's
main hall or descend towards train platforms 5 and 7. The escalator at the bottom of Fig. 6B points in the other direction. As such,
travelers will not enter the depicted intersection area from the escalator. Next to the movements through the station and to and from
the platforms, travelers can also visit one of the two shops on the top right and left of Fig. 6B.

These movements jointly result in the trajectory dataset visualized in Fig. 6C. As one can see, the dominant movements are
left-right and right-left, which naturally split into two lanes. Most individuals crossing the main flow originate from within or join the

12
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Fig. 6. Visualization of the monitoring area at Utrecht Central station (A), the layout of the monitoring area (B), and the trajectories of a subset of

pedestrians (C).

main flow. Infrequently, travelers attempt to cross the main flow from the lower left and lower right to the top left or right.

During the COVID-19 pandemic, most people were asked to work from home. Consequently, contrary to what one would expect,
this particular station is currently most busy on weekend days. The Utrecht Central station case study features the busiest hour of
Saturday, June 20th, 2020, namely from 12:00 to 13:00. During this hour, the monitoring system identified 2129 individuals. Only

1125 of those individuals passed the flow count line in the study area as depicted in Fig. 6.

5.2. Flow rate assessment

The flow rate threshold is determined through the computation depicted in Table 4. Again, we assume an average walking speed of
1.0 m/s. In this particular case, the capacity of the main flow is determined (i.e., the departing and/or arriving main flow). The

Table 4
Computation of the flow rate threshold Ty of Utrecht Central station.

Infrastructure and population characteristics
Width of the corridor w = 5.50 m
Average walking speed v = 1.0 m/s

Computation maximum flow rate per lane

Total longitudinal spacing = 1.50 + 0.45 = 1.95 m

Time required for one person to pass the cross-section safely = 1.95 /1.0 =1.95 s

Total number of pedestrians per lane that can pass in one minuteq;'% = 60 / 1.95 = 30.77 persons per lane

Computation number of lanes full length (5.50 m)

The width of the corridor is larger than 3.10 m (i.e., 2 - 0.20 + 2 - 0.60 + 1.50), and
The required space per extra pedestrian is 2.10 m (i.e., 0.60 + 1.50), so:

Number of lanes L = 2 + floor((5.50 — 3.10) / 2.10) = 3 lanes

Flow rate threshold
Flow rate threshold T, = 3 - 30.77 = 92.31 persons per minute = 1.54 persons per second
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intersecting movements are not explicitly accounted for in the flow rate threshold computation. Using the physical distancing capacity
framework, we find that 3 lanes fit in the walkable area, which results in a flow rate threshold of 1.54 persons per second.

The flow rate recorded at Utrecht Central station is visualized in Fig. 7A. As one can see, the flow rate (i.e., the average flow rate per
15 s) fluctuates rapidly over time. Two prominent peaks can be distinguished at 12:06 and 12:50. The flow rate does not reach the flow
rate threshold. During the highest peak (1.27 persons per second), S4(t) is 0.82 (i.e., 1.27/1.54), meaning 82% of the flow rate capacity
is used. In this case, the maximum flow rate per 15 s also exceeds the threshold multiple times, which is allowed as long as it doesn’t
consistently do so. However, only 3 people (one per lane) can safely pass per second (see Table 4), while instances of 4P/s have been
observed, indicating that people could not keep a safe distance. Additionally, the frequent proximity of the maximum flow rate to the
number of lanes indicates that the minimum longitudinal spacing of 1.95 s (assuming a walking speed of 1.0 m/s) may not be
maintained.

5.3. Density assessment

At the train station, the percentage of groups is lower than in the Vondelpark. Based on the authors’ observations, most groups
feature one (90.5%) or two (9.5%) individuals. Using the group percentages and the spatial requirements of the various group sizes, the
density threshold for this particular area of the train station is 0.257P/m? (i.e., T a0 ).

Fig. 6B illustrates the density in the monitored area. The density (i.e., the average density per 15 s) is generally relatively low, with
sharp increases around the moments when the flow rate was also found to peak. The highest measured density within the study period
is 0.184P/m?, which results in a Si(t) of 0.72 (i.e., 0.184/0.257). This means that 72% of the density capacity is used within this
region's ‘safe’ density limits. At the same time, the maximum density per 15 s is well above the density threshold of 0.257P/m?. This
can be a local fluctuation, but it provides cause for concern and signals that too many people reside in the same infrastructure at some
point in time.
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Fig. 7. Monitoring data featuring the Utrecht Central station case study, with average and maximum KPI values per 15 s, and the KPI thresholds
represented by a dashed line.
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5.4. Interactions assessment

The last KPI for the Utrecht Central station case is determined similarly as was adopted for the Vondelpark case study. Using the
percentages for the different group sizes, the interactions capacity of the Utrecht Central station case study is 0.087 (normalized)
interactions (i.e., 5ooo 7553 - .1, Tl - 221 1), Fig. 7C illustrates that the interactions threshold is frequently

exceeded. Consequently, also, in this case, the pedestrian infrastructure has exceeded its ‘safe’ interactions capacity.

5.5. How to interpret and act on the Utrecht Central station measurements

This case study has shown that during a relatively busy Saturday in June 2020, the flow rate and density both remained within their
capacity limits. However, the interactions capacity was exceeded frequently during the hour of focus. In contrast to the Vondelpark
case, the flow rate and density measurements are already a lot closer to the capacity thresholds. Consequently, crowd management
strategies that solely focus on improving the interaction behavior of the crowd will most likely not be sufficient to improve the sit-
uation. Instead, crowd management measures are advised that aim at reducing the flow rate and density at this specific location in
Utrecht Central station. Example of this type of crowd management measures are the local rerouting of travellers by means of variable
message signs and the creation of one-directional flow scenario in which overtaking is prohibited.

6. Lessons learned from applying the physical distancing capacity framework

The previous two sections applied the physical distancing capacity framework to two very different cases during the COVID-19
pandemic: a park - the Vondelpark - and a large transfer hub - Utrecht Central station. The implementation provides three impor-
tant insights regarding the functioning of the physical distancing capacity framework.

First and foremost, this capacity framework uses three distinct KPIs: flow rate, density, and interactions. Theoretically, the
thresholds of both the flow rate and the interactions KPI can be exceeded independently of the other two. The two case studies show
that the three KPIs indeed fluctuate independently. Consequently, to ensure all potential breaches of the physical distancing regu-
lations are detected, it is important to retain all three KPIs within the physical distancing capacity framework.

Yet, the case studies illustrate that the interactions KPI is often the first to exceed the capacity threshold. A more in-depth analysis of
the relationship between the density and the interactions (see Fig. 8) provides clear indications pertaining to why this occurs. An
approximately linear relation is found between the density and the interactions. Unsurprisingly, it becomes more difficult to keep one’s
distance when density increases. However, counter-intuitively, at very low densities, a relatively high number of interactions was
identified in both case studies. Moreover, a highly fluctuating number of interactions is found at one density level. These two findings
imply that also, at low density levels, pedestrians find it difficult to adhere to the physical distancing regulations. Consequently,
people’s behavior has a potentially larger impact on the safety of pedestrian infrastructure than the actual size and layout of the
available walkable area.

One could be inclined to use one KPI instead of three, given that the interactions KPI is most likely the first to violate the capacity.
The authors advise against this line of reasoning because the two case studies also show that combining the three KPIs provides more
specific directions for crowd management action. For example, when the number of interactions is exceeded, but the flow rate and
density are relatively low, crowd management measures to change behaviour can be very effective. At the same time, when the flow
rate and/or density KPI encroach their thresholds, this type of measures is of little use. Similarly, when the density is at capacity, but

o | v o | +
a7 --- T=027 : a7 --- T,=0.257 :
--- T,=0.167 : --- T,=0.087 :
ol ? 2 §
. [ | .
» . » =
5 : 5 " om 0
M=) . M) ’ R
§ — uEm ‘ Frequency § — nu " u Frequency
o) u . © g u N u
= [ | . | 1 € . O | 1
T e iy = : = 16 T u g " @6
S mem, O 31 oS u "o " O3
| M | ' O 46 ] g 0O 46
....... [ U U B - -7 "oy = 61
S{ mumm : H >100 = = m v | >100
0.0 0.1 02 , 03 0.4 0.0 0.1 02 , 03 0.4
Density (P/m") Density (P/m")
A. The Vondelpark B. Utrecht Central station

Fig. 8. Relationship between density and interactions per screen capture (i.e., one per second) for the Vondelpark (A) and Utrecht Central station
(B), with dashed lines indicating the respective density and interactions thresholds. Only measurements involving at least two people are shown.
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the flow rate is relatively low, crowd management measures aimed at increasing the flow rate (e.g., waving people along to keep people
from standing still and limiting the size of waiting areas) can improve the situation. When the flow rate is also high, restricting access to
the area is potentially more effective. The combination of the three KPIs provides clear indications regarding the most effective course
of action to resolve potentially unsafe situations.

7. Applying the physical distancing capacity framework to pedestrian infrastructure design and management

Luckily, anno 2024, COVID-19 is not rampaging through the world anymore. Does this mean that the physical distancing capacity
framework has lost its relevance? Our answer to that question is no for two reasons. Firstly, COVID-19 is unfortunately not the first or
last airborne disease that will disrupt public life in the future. Thus, even though not relevant for ‘normal’ day-to-day crowd man-
agement, it is essential to keep it lying on the shelf for the moment when we encounter a new airborne disease with similar properties.
Secondly, the physical distancing capacity framework provides clear pointers regarding the resilient design of pedestrian infra-
structure. During the first months of the COVID-19 pandemic, life partly came to a standstill because most pedestrian infrastructure
could not be safely used without a high risk on mass spreading events. Underneath, the framework's application for (real-time) crowd
management purposes and resilient pedestrian infrastructure design are further elaborated on.

7.1. Real-time crowd management using the physical distancing capacity framework

The physical distancing capacity framework is developed for real-time crowd management. In particular, the KPIs in the framework
provide insights to crowd management organizations regarding which interventions are useful for which scenario. Table 5 depicts the
most relevant KPI combinations. One or more KPIs will infringe on its threshold depending on the circumstances. For each KPI, distinct
crowd management measures are more or less effective. For instance, when the flow rate KPI is high, inflow limitation will be sufficient
to limit the pressure within pedestrian infrastructure, while behavioral measures will resort to limited effect. When the density KPI is
high, there are simply too many people in too-small infrastructure. Asking people to leave is then the only available solution. When
only the interactions KPI is too high, one or more individuals stand too close together. This would ask for any behavioral measure that
disperses the crowd while allowing everyone to remain in the same infrastructure. Similarly, for all KPI com, one can determine
whether interventions are necessary for all KPI combinations one can determine whether interventions are required. When in-
terventions are necessary, the framework will also provide guidance regarding which interventions will have the most effect.

Table 5 also identifies that the interaction KPI is most likely to infringe on its threshold first. So, why should one not only monitor
the interactions KPI? This is because the required crowd management actions partly depend on the other two KPIs (i.e., the flow and
density state). When the density KPI is low, dispersing the crowd is sufficient. However, when the density KPI is also high, dispersing
the crowd will not have enough effect and can potentially lead to annoyance in the crowd and risky transmission scenarios. In the latter
case, additional measures need to be taken to ensure the crowd’s density does not increase further; for instance, by actively asking
people to move towards another area.

The conditions in pedestrian infrastructure vary continuously and can quickly deteriorate. Therefore, one should remember that for
real-time crowd management, one also requires a crowd management organization that can intervene rapidly when the KPIs encroach
on the thresholds at a moment’s notice. To ensure rapid interventions, a real-time crowd management organization for health purposes
requires:

e Real-time monitoring systems in relevant locations,

e Real-time data communication, filtering, and KPI assessment,
e Real-time action selection mechanism, and

e Set of human or digital actuators to intervene when necessary.

It is important to note that the activation of interventions takes time. One should account for a response time of 5 to 30 min,
depending on the severity of the measures. Therefore, any monitoring system and set of KPI thresholds should leave room for the
situation to deteriorate while one is activating the interventions. Moreover, the very rapidly changing conditions also require a crowd
monitoring system that frequently evaluates the current state of the infrastructure (e.g., at least one evaluation per minute). Otherwise,
rapid fluctuations within the infrastructure will be missed (e.g., a large crowd exiting a train that just arrived).

Besides the control system parts, one should also have prepared the exact threshold values for the specific context. Next to a
quantitative description of the condition’unacceptable’, it is also advised to pre-emptively discuss with all stakeholders which KPI

Table 5
Crowd management actions for relevant KPI combinations.
Flow rate Density Interactions Crowd management action
Low Low High Take behavioural measures to disperse the crowd
Medium Medium Low Do nothing, crowd attempts to do the right thing
Medium High High Disperse the stationary crowds, and limit inflow
High Medium High Limit the inflow, increase outflow
High High High Limit the inflow, increase outflow, and disperse the crowd

16



L. van Schaik et al. Transportation Research Part A 208 (2026) 104986

values triggers which crowd management measures. We have experienced that thoroughly embedding the framework into the or-
ganization and its procedures creates efficiency and effectiveness at the moments that count.

7.2. Designing resilient pedestrian infrastructure

In addition to using the physical distancing capacity framework for real-time crowd management purposes, it can also be used to
design pedestrian infrastructure and evaluate its functioning pre-emptively or after the fact. Here, pedestrian infrastructure design
entails more than a layout; it also includes the origin-destination matrix, activity scheduling patterns, and demand profile of a venue. In
contrast to real-time monitoring to resolve potentially dangerous transmission cases quickly, pre-emptive and after-the-fact evalua-
tions aim to improve the pandemic preparedness of pedestrian infrastructure in the longer run (weeks, months, or years).

The focus of the analysis changes in the case of resilient pedestrian infrastructure design. It becomes: ‘Under which conditions can
pedestrian infrastructure keep functioning during a pandemic resulting from a dangerous airborne human-to-human transmittable
virus?’ The same three KPIs can be applied in combination in a backward manner. That is, one reasons from the acceptable safety levels
to the KPI threshold values, and accordingly from the KPI threshold values to the acceptable demand profile, activity patterns, and
crowd dynamics in the venue. Accordingly, one can compare one's expectations regarding the crowd dynamics with those that can be
safely sustained in pedestrian infrastructure. In complex cases, crowd simulation programs can further substantiate one’s expectations
regarding crowd dynamics.

When operationalizing the KPI thresholds in acceptable demand profiles, activity patterns, and crowd dynamics, the three KPIs will
automatically tackle various properties of the pedestrian infrastructure design. Table 6 displays the additional design requirements the
KPI framework poses to prepare pedestrian infrastructure for a pandemic. We expect that when one applies these additional design
requirements, the dimensions of prepared public venues will increase. In some cases, these larger dimensions are not realistic. In those
cases, one will need to use crowd management (see section 7.1) to limit the flow, densities, and interactions within the venue.

Please note, in both case studies, the interactions KPI was the one that encroached on the safety threshold values first. This suggests
that pedestrians find it very difficult to adhere to physical distancing regulations, even when sufficient space is available. Conse-
quently, pedestrian infrastructure design that caters for pandemic preparedness ensures that a) there is sufficient space available for
essential traffic that needs to make use of the pedestrian infrastructure during a pandemic using the design requirements in Table 6 and
b) ensures that the individuals that make use of the pedestrian infrastructure are empowered to follow the regulations. The latter
includes but is not limited to a) gentle reminders of the governing regulations and the impact of their choices on the safety of sur-
rounding individuals, b) a spatial design that naturally supports the separation of flows within the venue and prevents choke points and
¢) an activity schedule that supports the distribution of pedestrian demand over time and space.

8. Conclusions and future work

This paper presented a new capacity framework for designing and managing pedestrian infrastructure under physical distancing
regulations. This framework determines the ‘safe’ capacity utilizing three key performance indicators (KPIs): flow rate, density, and
interactions. The framework incorporates a parameterization of the physical distancing regulations of the various countries and the
latest knowledge on pedestrian operational movement dynamics. Two years after the COVID-19 pandemic, this paper contributes to
the literature by reflecting on the lessons learned regarding the development and implementation of a (physical distancing) capacity
framework that can aid the design and management of crowded pedestrian infrastructures.

Using two case studies, this paper shows that the physical distancing capacity framework provides clear indications regarding when
and why pedestrian infrastructures become unsafe. Furthermore, they illustrate that two metrics, i.e., the flow rate and interactions
KPI, can independently encroach on their capacity thresholds. Where the flow rate KPI quantifies to what extent potentially more
throughput can be safely handled, the interactions KPI quantifies the extent of the crowd’s (unintentional) non-compliance behavior.
The third KPI (i.e., the density KPI) cannot independently infringe on the safety thresholds but is essential to better understand the
potential of various management strategies. A combination of all three metrics (i.e., including the density KPI) provides more specific
guidance regarding follow-up crowd management actions to ensure the safety of pedestrian infrastructure during respiratory virus
pandemics, such as the COVID-19 pandemic.

The study also revealed two potential areas of improvement in the physical distancing capacity framework. Firstly, the current
framework makes assumptions on the most likely spatial constellation of groups and the even distribution of groups over space and
time. A validation study is required to establish whether these assumptions are valid in practice. Secondly, the three metrics featured in
the physical distancing capacity framework can heavily fluctuate over time and space, requiring careful interpretation of the metrics
when choosing follow-up crowd management actions. Hence, a thorough embedding of the framework in crowd management orga-
nizations is essential to fully leverage the potential of the framework. Extensive legwork is required within governing bodies and crowd
management organizations to ensure the correct embedding of the (physical distancing) capacity framework.

Besides these two potential improvements, two essential steps in further operationalizing the capacity framework are identified.
Firstly, it is imperative that this new framework is validated. Here, in particular, validation of the underlying assumptions and the
normative scenarios is sought after in close collaboration with operational crowd managers. Besides that, this framework is now only
useful when it is adopted by practice as a tool to improve the crowd management of pedestrian infrastructure during respiratory virus
pandemics. The backbone of the physical distancing capacity framework can, however, also be extended to aid the design and crowd
management of crowded spaces under non-pandemic conditions, for example, to improve other safety aspects (e.g., physical or social
safety). An open dialogue with crowd management professionals is required to establish which metrics best describe these safety
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Table 6
Design requirements for pandemic preparedness of pedestrian infrastructure.
KPI Design requirements
Flow rate A) Incorporate wider cross-sections in the design to allow for a lower flow capacity under physical distancing regulations
Density B) Incorporate additional storage capacity in the design to allow for a lower maximum density under physical distancing regulations

Interactions  C) Incorporate wider interaction spaces (intersecting points, overtaking, etc.) in the design to allow for the additional required space to interact
safely under physical distancing regulations.D) Separate pedestrian flows, as much as possible, by design utilizing the scheduling of activities and
planning of activity locations.

aspects under different crowd conditions.
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