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Abstract

Public transport is a critical service in Copenhagen, because many residents do not own a car, and in any event,
car travel is not practical in the city center due to narrow roads and lack of parking. In response to COVID-19,
Danish public health authorities have established a minimum 1 meter social distancing policy in public spaces.
This study simulates passenger pedestrian flow in three representative stations of the Copenhagen metro to
determine if these goals can be attained, and if any physical changes should be made. The study is conducted with
a micro-simulation in Bentley Legion of the passenger flow in three representative stations, with small, medium,
and large traffic flows. The simulation is agent-based, and the individual objective function is minimum cost
according to walking distance, comfort, and frustration.

The results show that for the majority of stations, the physical infrastructure and the expected traffic flow are
compatible with the social distancing goals. However, for a few of the highest demand stations, particularly those
that serve as intermodal hubs, there are great difficulties in achieving the desired social distancing measures. In
particular, the intermodal hub station of Ngrreport does not possess corridors and escalators which are distributed
correctly according to the pedestrian flow. This station is underground and it is unfortunately not easy to change

this infrastructure.

Keywords
COVID, Pedestrian Simulation, Public Transit Stations

1. Introduction

Over the past year, the world has felt the effects of the COVID-19 pandemic, and the public transport systems
have been hit especially hard. In Copenhagen, public transport has experienced a large decline in demand followed
by a gradual increase to a stable demand of about half the level prior to COVID-19. At the same time, public
health authorities have established requirements for social distancing, or greater open space around each
passenger. The research question in this paper is whether these social distancing goals can be reasonably met
within the existing infrastructure or with minor alterations.

This paper addresses how these parameters and restrictions have effected the M1/M2 metro lines of
Copenhagen, as well as shed some light on what can be done to improve the passenger flow within stations under
COVID-19 guidelines. The responsible operating authority, Metroselskabet 1/S, has provided actual data on
passenger flows and operations for a half year period stretching from before the COVID-19 outbreak to the recover

from the first infection wave. Metroselskabet controls multiple passenger-counting sensors installed at all the
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stations, which provides for very detailed physical body counts within the stations. From this data, three
representative stations have been selected for deeper analysis.

The physical flows of passengers within the stations have been simulated using the commercial software
Bentley Legion. The simulations with Bentley Legion provide a complete analysis of each station. The output
clearly identifies problematic zones and bottlenecks by mapping results such as passenger density, social distance
breaks and overall space utilization. Additionally, the simulation models offer data to determine doorway
utilization. The results possibly offer a theoretical approach to determine potential dwell time reductions, which
naturally offer possibilities to achieve savings in rolling stock circulation or offer other possibilities to re-distribute
rolling stock.

Several international studies have been consulted to determine specific parameters such as average passenger
space requirements and walking speed distributions. Three stations have been selected from the M1/M2 routes to
represent three levels of station size, where station size is measured by passenger counts. These representative
stations are Narreport (large station), Forum (medium), and @resund (small).

The results generally show that COVID-19 does not create any significant passenger flow issues for Forum
Station and @resund Station, but a string of issues do arise in Ngrreport Station. In addition, the results point to a
general improvement of the passenger flow, going from before COVID-19 to during COVID-19. Though when
looking into a COVID-19 scenario with ridership returning to a higher level, many of the same tendencies and
complications appear, as seen before the COVID-19 outbreak, but with increased effect. It will be difficult to
make day-to-day, small investment, improvements to the stations, because the analysis shows a great need to
expand platform space and increase capacity in escalators. However, design choices like these can be considered

in future station designs, to accommodate for future pandemics by making the infrastructure more robust.

2. Literature review

A variety of literature concerning pedestrian flow in stations exists, mostly concerned with capacity or
passenger comfort. Azadpeyma and Kashi (2019) apply VISSIM software to a pedestrian study of Shohada Station
in Iran. Pedestrian congestion is measured according to the Level of Service defined by Transportation Research
Board (2013), and the analysis finds that removing ticket sales counters and increasing train frequency will reduce
pedestrian congestion. Duives et al. (2013) provides a comprehensive survey of published pedestrian simulation
models but specifically excludes commercial software.

Bentley Legion is an established pedestrian simulation tool that has until recently been the preferred pedestrian
simulation module for Siemens AIMSUN traffic simulation software. Alexandersson and Johansson (2013)
perform a comparative analysis of the performance of pedestrian similators Viswalk and Legion for AIMSUN
(Bentley Legion), and find that the two products return similar results without any notable faults. Dubroca-Voisin
et al. (2019) performs a review of nine pedestrian simulator tools, including Bentley Legion, and finds it difficult
to distinguish between their capabilities for application in railway station modeling.

Grontmij Carl Bro (2009) apply Bentley Legion software to a pedestrian study of the suburban and long
distance train platforms of Ngrreport station in Copenhagen. The purpose of this study was to minimize disruption
to pedestrian flow while construction work was performed during service hours. Seriani and Fernandez (2015)

apply Bentley Legion to the simulation of boarding and alighting at a metro vehicle door. Sun et al. (2016) apply
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Bentley Legion to evaluate the capacity of curved corridors in metro stations, and note that Bentley Legion has

been used in China for various large-scale studies, such as the Beijing Olympic Games.

3. Passenger behaviour and model design

The dominant traffic during rush hour is commuters. Different traveler types have different physical behaviors
and speeds, and for the sake of clarity and consistency of model results, all traffic is presumed to be commuters
and only peak travel periods are modeled. Key performance measures (KPI) for the study are chosen following
Pedersen and Center for Trafik og Transport (2003). These consist of gross passenger flow, average passenger

flow, and a measure of door throughput. The definition of these measures may be summarized as:

Passenger exchange (gross flow)

Defined as: ”The count of passengers entering and exiting the train through a door”
Fi = Ei + Ai

Fi Passenger exchange at door (i)
Ei Number of passengers entering at door (i)

Ai Number of passengers exiting at door (i)

For the entire train at station (s) it is then

FszzFi

Average passenger exchange:
The average passenger exchange time at a station for a single door:

te
tt‘p = FL

tp Average passenger exchange time per passenger at a door (sec./pass.)
tt  Average door opening time (sec.)

Fi Passenger exchange at door (i)

Door efficiency (throughput):
Door efficiency measures the count of passengers entering/exiting the train per second. The door efficiency

is the reciprocal of the average passenger exchange time.

1 F
Li = — = —
ttp t;

Li Door efficiency for selected door (i) [Pass./sec.]
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3.1. Passenger characteristics and parameters
Passengers vary greatly in their walking speed, and this of course affects their flow through the station, which

then affects the quantity of passengers in the station (following from Little’s Law (Little, 1961)), and finally
determines the social distancing parameter of current concern. Herrstedt (2012) concludes from a literature survey
that average pedestrian speed is 60 meters per minute, but the datasets contain large samples from elderly and
youth populations. Finnis and Walton (2008) finds from a review of the literature and data collected in New
Zealand that pedestrians adapt their speed to the environment, and that commuters have a higher expected speed.

Finnis and Walton observes activities between 8:15 a.m. and 5:15 p.m. on weekdays, at 4 separate locations,
resulting in 1071 observations (Figure 1). These are unimpeded speed measurements. That is to say, the data only
includes observations where the subject was not blocked or impeded. From this study, commuters have an average
speed of 94.2 meter/minute with a 95% confidence interval (t-stat) of (93.305, 95.095). This is the fastest
pedestrian category and statistically significant.

The Finnis and Walton study presents significantly faster values than the Herrstedt study. This favors results
with lower passenger density in the station and potentially biases the results positively. However, the Finnis and
Walton statistic is selected because it contains a more detailed data set and analysis. The simulation software,
Bentley Legion, allows for individual passenger (entity) speeds to be drawn from a normal distribution. The values
selected within the simulation model are a mean of 1.6 meters/second and a standard deviation of 0.2, providing
a cumulative distribution as shown in Figure 2, and corresponding to the Commuter values of Finnis and Walton.

Social distance is primarily measured as the radius distance between bodies. The desired distance standard
from the Danish health authorities under COVID-19, during the study period, is 2 meters. Metroselkabet has
anecdotally observed that this separation is nearly impossible to guarantee throughout the passenger’s journey.
This is especially evident onboard the trains since the rolling stock has a total width of 2.65 meters. On the
platforms as well, social distancing was not part of the initial design parameters of the stations. Consequently, it
is expected and experienced that passengers must accept a social distance less than 2 meters, because of the
physical dimensions of the station.

Bentley Legion software implements passengers as a solid cylinder, so it is necessary to select a fixed
dimension for passenger size. Jacobs (1967) provides a frequently cited reference for the volume of the most
tightly packed crowd, where each person occupies 0.23 m? or approximately a diameter of 0.55 meter.
Sundhedststyrelsen (2020) recommends a minimum separation of 1 meter between persons in public spaces, and
prefers 2 meters where possible and when there is known infection. The resulting model goal is then as shown in
Figure 3.

Passengers movements are presumed to be “rational”. That is, paths and choices of exit are presumed to follow
a lowest cost model measured in time and effort. A comfort factor exists in the model that also encourages use of
escalators and other conveniences. Passengers are also expected to wait in the marked standing areas at platform

doors, which in the authors’ personal experience is a regular pattern of behavior.

3.2. Infrastructure
The M1/M2 lines serve 22 stations, including three underground and six deep underground. Island platforms

are standard throughout. The metro is an autonomous, driverless metro, and safety is ensured by the standard

application of six platform doors for each track, which match the train doors in location and count. Station size is
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classified by traffic volume. Many of the stations share a common physical design, but there are physical
differences at some stations and some unique features. This study has been conducted on three station
classifications to get good representation if COVID-19’s influence based on passenger numbers. The three
classifications are as mentioned based on passenger numbers and are as following:

e Large station (more than 20,000 passengers/day)
e Medium station (between 7.000 and 20.000 passengers/day)
e  Small station (less than 7.000 passengers/day)
The classification of the stations originates from Metroselskabet’s traffic data from 2018 as seen in Figure 4.
From the given limits, the distribution of the station classification is: 11 small stations, 9 medium stations, and 2

large stations.

Ngrreport Station has been chosen to represent the large station class, because it is the absolute largest station
based on Metroselskabet’s own passenger numbers. Based on this, it is assumed that it is going to be most heavily
influenced station. This is further backed by Ngrreport Station’s status as a major junction, between types of
transport such as: bus, regional trains, S-trains, and the metro system. Ngrreport Station will thereby mark the
upper boundary for passenger load on the M1/M2 system. In addition to Ngrreport Station, there is only one other
station falling within the large station classification, Kongens Nytorv Station, which has approximately half the
traffic of Ngrreport Station.

Forum Station has been chosen to represent the medium station classification, since its physical design
follows a common template very similar to Ngrreport Station, except for a direct transfer tunnel, which connects
to regional- and S-trains. The physical station design is additionally very similar to all the other deep underground
stations on the M1/M2 lines, that primarily fall into the same size category as Forum Station.

@resund Station has been chosen to represent the small station category, since it is an exemplary example of
a small station on the M1/M2 network, serving a mostly residential neighborhood and without any significant
connections to other transport modes. This is especially prominent when looking at the station design, with just
one staircase and one elevator to service the passengers. It is relevant to note that Sundby Station is the station
with the lowest passenger numbers on the network, but it has two staircases and one elevator, which makes it an
outlier with higher capacity relative to the actual demand.

The rolling stock (trains) on lines M1/M2 are of a design from Hitachi Rail Italy Driverless Metro (previously
AnsaldoBreda Driverless Metro). The trainsets consists of three coaches, two end coaches and one middle coach
with extra space for luggage, cycles, and various strollers and wheelchairs. The trains are 39 meters long,
consisting of 14 meters each in the end coaches and 11 meters in the middle coach, and have a top speed of 90
km/h. The trains are 2.65 meters wide and use a standard track gauge of 1,435 millimeters.

Every coach, regardless of being an end or middle wagon, has 2 doors on each side of the carriage, thus a
complete train (3 cars) has 6 doors available for passenger exchange at a stop. Before COVID-19, the passenger
capacity for each train was calculated as 4 passengers/m? + seating, but for the COVID-19 duration,
Metroselskabet has set the capacity to 1-2 passenger(s)/m? + seating. Considering that the total floor space is
58.7m? and there are 44 seats, the capacity before COVID-19 was 279 passengers/train, and 102-160
passengers/train during COVID-19, a reduction of 42.6% - 73.4%. This “capacity” measure is purely for planning
purposes, as there are no reserved seats and no capacity controls at the stations. Metroselskabet’s only possible

action is to increase train frequency when traffic demand exceeds offered capacity.
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3.3. Traffic demand and expected flows
Metroselkabet conducted a private study in April 2019 over two weeks which revealed individual door

utilization at the stations Ngrreport, Kongens Nytorv, Christianshavn, Amagerbro, and Lergravsparken. This
distribution of door preferences is asserted to be stable relative to traffic levels. This data is specific to each station,
and reflects the physical design as well as the potential pedestrian destinations. The data was collected Monday
to Thursday, during the morning rush between 7:20 and 8:20.

The stations Forum and @resund are not included in this study. Their data is interpolated. Further counts were
performed for Forum station by the authors to determine directional flow. Amagerbro station has the same design
as Forum, so its door distribution data is used to represent the proportions between doors at Forum station.

Ngrreport station door distribution data is used as a template for @resund station. They are similar in that the
majority of traffic at Ngrreport chooses a single escalator and elevator. The directional distribution for @resund
is taken from the nearby Amagerbro station. The results for the three study stations are shown in Table 1.

The Copenhagen metro operates a frequency based service during most traffic hours, and does not follow a
timetable. The peak (rush hour) period frequency is a departure interval of 104 seconds from Ngrreport. Only half
of these trains go to @resund, so the interval there is 208 seconds. These values are applied in the simulation to
determine passenger flows arriving and departing by train. Copenhagen metro has not modified train frequency
during the reduction in demand due to COVID-19. Passenger demand scenarios consist of a pre-COVID-19 level
based on data from 1-15 February 2020, a COVID-19 level based on 26-28 May 2020, and a hypothetical future
scenario where traffic returns to 75% of pre-COVID-19 levels. The presumption in the future scenario is that
COVID-19 is not resolved, but the long term restrictions on work and travel are not sustainable, and some
compromise is required. Passenger demand is sampled from Tuesdays, Wednesdays, and Thursdays only.
Denmark went into lockdown for the first time on March the 11" 2020. As shown in Figure 5, the passenger
numbers started dwindling a little bit prior to the lockdown, and then after declined precipitously, dropping from
more than 200,000 daily passengers to about 25,000. Ridership then slowly increases towards the summer of 2020,
as a result of loosening restrictions and public acceptance of public transport after a mandatory facemask decree.
From Figure 5, it can be seen that the 26-28 May period is representative of the traffic for the next few months. It
is also appropriate because it is outside any holiday periods.

The distribution of traffic during the day is not clearly different during the COVID-19 period. Danish health
authorities made strong recommendations to avoid rush hour travel and modify work hours, but the general ratio
of rush hour to mid-day traffic is unchanged in the COVID-19 period. Figure 6 displays the hourly passenger
counts for Ngrreport station. Figure 7 presents a normalization of the hourly data, as a percentage of daily totals.
There is a small reduction, and redistribution, of peak traffic, but the data sets do not have enough sample points

to establish significance.

4. Simulation and analysis in Bentley Legion

Bentley Legion implements an agent-based simulation model with a minimum cost objective to calculate
individual passenger (entity) routes. Readers who are unfamiliar with Bentley Legion may instead be familiar
with AIMSUN simulator from Siemens. Until recently, the pedestrian simulator module in AIMSUN was in fact
Bentley Legion. This analysis was performed in cooperation with the operator, Metroselskabet A/S, who also

reviewed and validated the results. Bentley Legion has also been previously used at Ngrreport station to study



235

236
237

238
239
240
241
242

243
244
245
246
247

248
249
250
251
252

253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274
275

276
277

passenger flows to the suburban and long distance train platforms (Grontmij Carl Bro, 2009).

Passengers are presumed to make a rational decision according to time and some comfort factors (e.g. escalator

vs. stairs). The objective function in Bentley Legion considers the following specific factors (Bentley, 2020):

e Frustration: being hindered in movement, slowed down, for example due to other passengers

e Inconvenience: to what degree is it necessary to redirect from the original preferred route?

e Discomfort: invasions of personal space, loss of privacy.

e Distance: the experienced distance between the passenger’s start and end point, weighted by the speed
or desirability of individual movement segments.

The model calculates, based on these parameters, a cost for each passenger, and for each possible route. The
model then chooses and adjusts the individual passenger (entity) route as required to minimize cost. The
parameters for this objective function have been estimated from interviews with Metroselskabet and field
observations by the authors. Note that the results assume a “greedy” passenger. No assumption is made that the

passengers are taking COVID precautions. In that respect, the model results are “worst case”.

The arrival rate of passengers to the station from outside (not arriving by train) is set in five minute increments.
Bentley Legion implements a pseudo-Poisson arrival distribution. For each fixed modeling interval, where the
desired number of arrivals is n, and the time duration of the interval is e, the software generates n samples from
the uniform distribution (0, e). These variates are then sorted smallest to largest, and become the arrival times of

the individual passengers from the start of the time interval.

The simulation allows continuous data collection. Experience in Copenhagen also is that nearly all passengers
are able to board the first available train, so each train arrival-departure cycle represents a complete simulation
iteration that is reasonably independent. In this analysis this is presumed to be true, and incidents of passengers
left behind due to insufficient dwell time or crowding are not considered. A simulation run of 2.5 model hours
allows for 87 departures in each direction with 104 second headway (half as many at @resund). This provides a
sample size of n=87 at Ngrreport and Forum, and n=43 at Jresund.

As previously mentioned, three scenarios or traffic levels are simulated for each station. Each simulation

approximates a peak travel cycle from 06:30 to 09:00. The scenarios are:

e Pre COVID-19:
Using passenger data from before the COVID-19 restrictions and impact of COVID-19. The
passengers do not require any significant social distancing.

e COVID-19 Base:
Using passenger data from the COVID-19 period, where the total ridership is approximately 50% of
the total ridership from before the COVID-19 outbreak. In this scenario, the passengers require an
increased social distance. The social distancing is not enforced on trains, in train doors, and on
escalators or staircases.

e COVID-19 Projected:
Using the same data and social distancing as in the COVID-19 Base scenario, but the passenger volume
is increased by 50%, so that the passenger traffic is equivalent to 75% of the total ridership from before
the COVID-19 outbreak.

Bentley Legion offers a function called “direction modifiers”, which allows the parameters of pedestrian

behavior to be modified at selected locations and physical spaces within the model. This allows for relaxing of
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social distancing inside trains, at train doors, etc. Social distancing is enforced through Legion’s “discomfort
factor”, which penalizes excessively close contact between pedestrians.

There are a few potential sources of error in the model. The first is the physical modeling of the station space.
The station spaces have been modeled directly from pdf floor plans, which have been converted to a CAD file
format, and there are small changes in the station dimensions from this conversion process. However, verification
of a sample of measurements found very minimal deviation on the order of 0.005%.

Another source of error is direction of flow. It is not really error, but a measure that is not recorded. The Danish
health authorities differentiate between social distance between persons face to face, and social distance following
in the same direction. This has led to the implementation of directional lanes of pedestrian traffic in shopping
malls and other public spaces. The measures in this simulation are omnidirectional and not weighted for
orientation of the passengers’ bodies.

Finally, a significant source of error is presented in Figure 8 and is called “lockup”. It is of course a well-
known phenomenon that under great stress, pedestrians can be forced into dangerous conditions where they
compress themselves into infeasible spaces, leading to injury or even death. The most common examples are
music concerts or sporting events.

Even though such conditions are not known at the traffic volumes simulated for the Copenhagen Metro, the
implementation of social distancing in the model has the effect of creating such model results when they would
not exist in reality. In such a condition, the simulation model ceases functioning because there is no algorithm to
force pedestrians to reverse direction to clear the blockage. The incidence of lockup is random, and the solution
in this study has been to simply run the model again. In most cases, the next random stream of events does not

trigger lockup.

Figure 9 shows greater detail of this bottleneck at Ngrreport. Approximately 80% of all Ngrreport metro station
traffic is destined to/from the S-bane transfer tunnel to the right in the figure. As a result, in the bottlenecks,
marked in Figure 9, passengers are pushed in both directions, while the passengers waiting to board the train are
pushed by the boarders and disembarkers. This often results in a complete lockup of the simulation. Direction
modifiers are inserted at these bottlenecks to relax social distancing in the objective function, which greatly

reduced the frequency of lockup.

5. Results and findings

The Transit Capacity and Quality of Service Manual (Transportation Research Board, 2013) proposes a
pedestrian level of service (LOS) with six levels, A to F. These levels originate much earlier in the literature with
Fruin (1987). Level A defines free flow, where pedestrians are largely unrestricted, and level F defines spaces that
are tightly packed, with likely physical contact between pedestrians. In this paper, where the objective is social
distancing, levels E and F are unacceptable and represent immediate failure. The color legend displayed in Bentley
Legion displays these standard LOS levels.

The Transit Capacity and Quality of Service Manual (TCQSM) defines numerical LOS values for specific
elements of infrastructure such as doors or walkways. TCQSM defines a level of service for walkways, and assigns

numerical values of floor area per person to each level of service, ranging from 3.3 square meters at LOS A to
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less than a half square meter at LOS F. A social distancing of 1 meter would lie at LOS C. However, in this paper,
there is a hard objective to measure, the specific measured separation between pedestrians, and this is not fixed in
relation to available floor area. How the pedestrians flow and utilize the floor area can result in a much lower
social distance than the available floor area might imply.

Five measures are used to analyze the adherence to social distancing: average density (passengers/m?),
maximum density (passengers/m?), area utilization (time used), and 1- and 2-meter sphere violations (cumulative
time that entities’ spheres are violated by other entities). Figure 10 presents an example result for violations of the
2 meter sphere. The scale is in minutes accumulated over the model run. For example, the blue zone represents a
maximum of five minutes of violated contact accumulated through the 2.5 hour run. Note that these are momentary
violations in most cases, as passengers are stationary only when waiting to board trains.

Somewhat as expected, the stations are most affected according to their traffic volume. @resund station is the
least affected by the social distancing goals. Passenger density is generally low, and violations of the social
distancing spheres are rare. The recommendation for @resund station would be to take no action.

Forum station, the intermediate traffic density example, experiences stress at the escalators, particularly sphere
violations. Area utilization is low. These results were consistent across the three scenarios. No actions are
recommended for Forum station.

Narreport station, the high traffic example, exhibits significant sphere violations, as seen in Figure 10. The
design of the station should be quickly explained. From the left, there is an elevator at the extreme end of the
platform, to surface level. Then, at approximately the third platform door there is a set of escalators to surface
station level. At the sixth (last) platform door, there is another set of escalators to surface station level. To the far
right, is a set of escalators and a ramp to the S-bane (suburban railway) platforms, called the “transfer tunnel”.
Under and behind these escalators is an elevator also leading to the S-bane. Note that if social distancing is relaxed
to a one meter separation, the distancing violations nearly disappear at COVID traffic volumes, as shown in Figure
11, but social distancing will be a concern if traffic returns to pre-COVID levels.

For all scenarios, there is a bottleneck between the escalator set at door six and the platform doors (also shown
in Figure 9), as well as at the exit from the station to the transfer tunnel. These bottlenecks can be clearly seen at
the 1- and 2-meter sphere breaches and especially at 2-meter sphere in the scenario during covid-19 these are
evident. Face to face interactions are a critical problem because passengers are moving in both directions, boarding
and alighting from trains and transferring to and from the S-bane. Only on the escalators is one assured of face to
back positioning. Similarly, the area around the exit to the transfer tunnel is a problem area as travelers here may
encounter face-to-side interactions that are still worse than face-to-back interactions but better than face-to-face
interactions.

For comparison, results for average density at Ngrreport station are shown in Figure 12. Note that the
distribution of social distancing violations and the areal density are not the same. A social distancing of 2 meters
is approximately an area of 0.178 persons per square meter (https://en.wikipedia.org/wiki/Circle_packing ),
corresponding to the blue legend of Figure 12. Under COVID conditions, most of Narreport would appear to
satisfy LOS C, “walking speeds freely selected”, but clearly from Figure 10 the social distancing goals are not
attained.

A number of recommendations can be offered for Ngrreport station, of varying degrees of difficulty. The first

would be greater enforcement of directionality in passenger flow. This is a challenge because of the necessity for
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passenger flow to/from the transfer tunnel to walk directly past waiting passengers at door six. The second would
be increasing the capacity of the escalators to the transfer tunnel. The transfer tunnel escalators are under-sized
for the demand. There are two escalators in both directions to the surface, but only one escalator to the transfer
tunnel. An extreme and expensive solution would be to remove entirely the right set of surface escalators, to
provide more lanes for pedestrian traffic flow on the platform. This is unlikely because the original framework
for this study is to evaluate minimal infrastructure changes.

One of the assumptions in the model and the choice of a single simulation run with 87 departures is that no
passengers are left behind after train departure, and that thus the 87 departures are reasonably independent
iterations of the simulation. The simulation is able to track the count of passengers onboard each train departure.
From this data, it is possible to indicate exactly which departures could not meet demand, both before arrival at
the station and after departure.

The capacity limit used for the capacity assessments is a maximum of 279 passengers/train Pre-COVID-19, ,
and 160 passengers/train for the scenarios COVID-19 Base and COVID-19 Projected. After analysis of the data
logs from the runs, only two single departures exceeded train capacity. That is to say, three scenarios times (two
stations times 87 departures times two directions plus one station with 43 departures times two directions), equal
to 1302 departures, contain only two departures where the train capacity is exceeded and passengers are left
behind.

6. Conclusion

Public transport is a critical service in Copenhagen, because many residents do not own a car, and in any event
car travel is not practical in the city center due to narrow roads and lack of parking. The COVID-19 pandemic
presents a challenge and hard constraint, because public health concerns demand a reduced density of persons
both at stations and on transport vehicles. Danish public health authorities have established a minimum 1 meter
social distancing policy in public spaces with a further preferred 2 meter social distance. This study simulates
passenger pedestrian flow in three representative stations of the Copenhagen metro to determine if these goals can
be attained, and if any physical changes should be made.

The study is conducted with a micro-simulation in Bentley Legion of the passenger flow in three representative
stations, with small, medium, and large traffic flows. The model simulates peak morning traffic flow over a 2.5
hour interval with pedestrian parameters representing commuters. Each simulation run represents contains a
minimum of 86 train departures, and the complete result set contains 1302 departures. The simulation is agent-
based, and the individual objective function is minimum cost according to walking distance, comfort, and
frustration.

Some of the challenges in simulating this pedestrian flow included modeling direction of flow and lockup.
Bentley Legion does not distinguish between social distance violations face-to-face and social distance violations
face-to-back. Danish public health authorities have advised that face-to-back orientation is safer and preferable
when there is high density foot traffic, and has implemented directional paths in public spaces and walkways to
encourage this. The data from the simulation model does not distinguish between violations of social distance
face-to-face and face-to-back.

Lockup is a condition where a simulation model moves entities into positions where no further forward

movement of the simulation is possible. The stations contain areas of opposing pedestrian flow, and when the
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social distancing parameters are enforced, the movement of the required passengers becomes infeasible and the
simulation run locks up. It is necessary to relax the social distance parameters in these selected bottleneck zones.

The results show that for the majority of stations, the physical infrastructure and the expected traffic flow are
compatible with the social distancing goals. However, for a few of the highest demand stations, particularly those
that serve as intermodal hubs, there are great difficulties in achieving the desired social distancing measures. In
particular, the intermodal hub station of Ngrreport does not possess corridors and escalators which are distributed
correctly according to the pedestrian flow. This station is underground and it is unfortunately not easy to change
this infrastructure.

The COVID-19 pandemic is a fast changing problem and it is very difficult to predict future needs or status.
Predictions made six months ago have in many cases not become reality. Further research on this problem could
address the conversion of existing fixed stairways to escalators. This is an infrastructure investment, but more
reasonable because it does not require an increase in the physical dimensions of the station or changes to the
patterns of flow. Another possible solution to evaluate would be synchronizing the opposing trains on the same
platform, so that they arrive and depart on as near opposite time cycles as possible. Of course, this solution is only
valid for a single station on a railway line, as then the departure times at the other stations are fixed in
synchronization with the chosen station.

“Thinking outside the box”, another completely different solution would be to reroute passengers away from
Nearreport station. Denmark operates a public transport planning application, Rejseplanen, which is widely

adopted. It could be possible to reprogram the routing algorithm to avoid Ngrreport during peak travel times.
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Tables

Train direction

Towards Airport

Towards Vanlgse

Station Ngrreport Ngrreport
Passenger direction In Out In Out
door 1 27% 33% 18% 13%
door 2 16% 19% 12% 11%
door 3 17% 15% 6% 13%
door 4 14% 12% 15% 17%
door 5 12% 8% 24% 15%
door 6 14% 13% 25% 30%
Total 100% 100% 100% 100%

Train direction

Towards Airport

Towards Vanlgse

Station Forum Forum
Passenger direction In Out In Out
door 1 19% 8% 16% 27%
door 2 9% 10% 16% 17%
door 3 4% 7% 18% 20%
door 4 20% 15% 19% 9%
door 5 24% 19% 13% 20%
door 6 25% 40% 18% 8%
Total 100% 100% 100% 100%

Train direction

Towards Airport

Towards Vanlgse

Station @resund @resund
Passenger direction In Out In Out
door 1 27% 33% 18% 13%
door 2 16% 19% 12% 11%
door 3 17% 15% 6% 13%
door 4 14% 12% 15% 17%
door 5 12% 8% 24% 15%
door 6 14% 13% 25% 30%
Total 100% 100% 100% 100%

or exiting the train.

Table 1: Distribution of preferred door at Nerreport, Forum and @resund stations, “in” and “out” refers to entering




Figure Click here to access/download;Figure;Figure 1.bmp %

1200

100

P ————
&
Walking Speed meters/minute

Sample Size
g § 8 8 3
o e——

200 | I 20
i 7 g 1 . i
.- 0
<& N Y N\ (2 ) & > e
e ‘x\'y 43} IR S PR S v"é & &0 K F & & & o“b
& S L &L S L &S LSO
Qb < AP & & 6‘& °‘°’b @0 ¢ AS Q\‘Q ° 0.:2‘ R S g‘b
o POREE CRESRC RS S R O N e e © & & &
N & .0 3 o o ) S & )
® WA N O 9 & ¢ & ¢
> N » o g &
P T & )
¥ v. &t A=
© o®

mSamplen High Low ®Mean


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318490&guid=9595579a-ae70-4bc9-8e33-f747958fb088&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318490&guid=9595579a-ae70-4bc9-8e33-f747958fb088&scheme=1

Figure

| (0.55m |

1 S5m

1 00m

Click here to access

| 0.55m |

1.55m

/download;Figure;Figure 3.bmp %


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318491&guid=ebe870d0-7c5e-40df-8efb-aa2e2481ba5f&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318491&guid=ebe870d0-7c5e-40df-8efb-aa2e2481ba5f&scheme=1

Figure Click here to access/download;Figure;Figure 2.bmp %

---l.--
.

B
/.

LA 1 1

Speed [m/s] "

Percent



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318492&guid=43f21ae7-5117-4d24-b8ae-d0e3010ed3cd&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318492&guid=43f21ae7-5117-4d24-b8ae-d0e3010ed3cd&scheme=1

Figure Click here to access/download;Figure;Figure 4.bmp =

Average weekday passenger number 2018

o~

0.000

50.000

#«0.000

30.000

20.000

10.000 I l
. _ o . 7 . N ¢ . .

. Y SN 'S 2 S f & ~ N . "SR
& ?\\\ & \6‘3 PO A - LD W & > & \0\0 g & RS & & &
¥ & & 20 ¥ & & N & N VU F e ¢ & £ p & & & &
‘\\ \\\ \\ & > ’ \:‘ . N ‘\\\ Q‘ 8 -3 \( : Q?\ }¢ '\Q qq \\\ \ ? \'\ "f'\ \)\
“° \\ \(\ = M\ - \\v, w L\‘v SN Q‘ ’:. \\\- ) < S N
\ o~ *_\ . o .\Q \¢ -~ {3 Ny
\(_ £S5 » < 3 < A A
< ~ o - o »
o N \'l ™~ o
C(‘
N )
&


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318493&guid=6b9da4ee-44aa-409e-af7f-3ea91d743e43&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318493&guid=6b9da4ee-44aa-409e-af7f-3ea91d743e43&scheme=1

-4

- 0T-80-0202
. £0-80-0202

. LT100202

il

Click here to access/download;Figure;Figure 5.bomp

| ‘
|o- LU AR LT 1S "
[ 1 | ]

|
|
v

|

|

‘

vl

|

.ll\

- 07-£0-0202
- ET-£0-0202
- 90-£0-0202
- 62-90-0202
22-90-020C
§1-90-0207
80-90-0702
10-90-0202
S7-50-0202
81-50-0202
[1-50-0202
0-50-0202
LT0-0202
0Z-¥0-0207
€T-¥0-0202
90-v0-0202
0€-€0-0202
€2-€0-0202
9T-€0-0202
- 60-€0-0202

- CO-E0-070¢

"

. YT-T0-0202
- L1-20-0202
| 0T-20-0202

-~ €0-70-020¢

Passenger development in the M1/M2, during COVID-19

| LTT00202

- 0Z-10-0202

- €T-10-0207

© 90-10-0202

300.000
250.000
200.000
150.000
100.000

Figure

N M1 M2 Total


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318494&guid=f63a5a12-7b00-4fac-b9b5-666f7250823f&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318494&guid=f63a5a12-7b00-4fac-b9b5-666f7250823f&scheme=1

Figure Click here to access/download;Figure;Figure 6.bmp %

12000
10000
8000

6000

4000
0 I. 2 L] B - Il I I I l I I
2

00 01 02 03 04 05 06 O7 08 09 10 11 12 13 14 15 16 17 18 19 20 21

2

® Norreport before COVID-19 ® Norreport during COVID-19


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318495&guid=26714913-3fe1-424f-ab5f-8472fdbfe968&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318495&guid=26714913-3fe1-424f-ab5f-8472fdbfe968&scheme=1

Figure Click here to access/download;Figure;Figure 7.bmp %

12,00%
11.00%
10.00%
9.00%
8.00%
7.00%

6.00% -

5.00% |

4.00%

3.00%

| 1l
wil TP

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23

® Norreport before COVID-19 ® Norreport during COVID-19


https://www.editorialmanager.com/jrnteeng/download.aspx?id=318496&guid=2241ef50-1c11-4acb-8f64-50fe2ffe4210&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318496&guid=2241ef50-1c11-4acb-8f64-50fe2ffe4210&scheme=1

ad;Figure;Figure 8.omp 2

/downlo



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318497&guid=16519448-066b-4139-8819-2895bd77f274&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318497&guid=16519448-066b-4139-8819-2895bd77f274&scheme=1

Figure Click here to access/download;Figure;Figure 9.bmp %

-9
e
]
[
-
Il
=1
e -
o 4
putd
o



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318498&guid=d09219d9-62ec-47a7-bdc4-c7e4926d0c16&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318498&guid=d09219d9-62ec-47a7-bdc4-c7e4926d0c16&scheme=1

Figure

N@rreport

2m sfaere

For
covid-19

Under
covid-19

Click here to access/download;Figure;Figure 10.omp %



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318499&guid=69a348c7-821c-4e5c-8e15-e0b478d42665&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318499&guid=69a348c7-821c-4e5c-8e15-e0b478d42665&scheme=1

Figure Click here to access/download;Figure;Figure 11.bmp %

Ngrreport

1m sfaere

For Under
covid-19 covid-19



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318500&guid=1ad1929c-677f-48b7-b669-8a80f5e38de0&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318500&guid=1ad1929c-677f-48b7-b669-8a80f5e38de0&scheme=1

Figure

N@rreport

Gennemsnitlig densitet

For
covid-19

Under
covid-19

Click here to access/download;Figure;Figure 12.bmp =



https://www.editorialmanager.com/jrnteeng/download.aspx?id=318501&guid=f4cb0a46-9b60-4215-8947-79b1530df134&scheme=1
https://www.editorialmanager.com/jrnteeng/download.aspx?id=318501&guid=f4cb0a46-9b60-4215-8947-79b1530df134&scheme=1

Figure Captions List

© 00 N o o B~ wN

[y
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Figure Captions

Figure 1: Walking speed observations (Finnis and Walton, 2008). “High” and “low” ranges are one standard

deviation from plotted mean. Column represents sample size.

Figure 2: Cumulative distribution of passenger walking speed as applied in simulation model

Figure 3: Desired passenger density when enforcing COVID-19 precautions.

Figure 4: Average weekday passenger count by station, M1/M2 lines, 2018. (Metroselskabet, 2018)

Figure 5: Total passengers on M1/M2 during the initial COVID-19 period.

Figure 6: Hourly passenger counts before and after COVID-19 at Ngrreport.

Figure 7: Hourly passenger counts, before and after COVID-19, normalized by aggregate totals, Narreport.

Figure 8: Demonstration of the principle of “Lockup”. Part 1: pedestrians approaching each other at end of a
bottleneck. Part 2: equally size groups of passengers fill the bottleneck in opposing directions, blocking all flow.

Figure 9: Location of particularly difficult bottlenecks and passenger directions at Ngrreport station.

Figure 10: Violations of the 2-meters sphere in Ngrreport station

Figure 11: Violations of the 1-meters sphere in Ngrreport station

Figure 12: Average measured pedestrian density in Ngrreport station





