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Abstract: The objective is to study the distribution of passengers inside urban trains for different
levels of crowding. The study is carried out through the observation of videos made by laboratory
experiments in which a mock-up of a carriage represented the boarding and alighting process. The
Fruin’s Level of Service (LOS) was adopted, but with a different approach, in which the train is
divided into five zones (central hall, central aisle, side aisle, central seats and side seats). The
experiments are based on the behavior of passengers in the London Underground; however, this
study could be expanded to any conventional rail or LRT system. For the laboratory experiments, it
is proposed to build a metro carriage and a corresponding platform section, and the scenarios will
include different levels of crowding of passengers boarding and alighting to produce a variation
in the density on the platform. According to the crowding level, the results allow obtaining the
distribution and movements generated by passengers in the five zones for different instants of time
during the process of boarding and alighting. It is observed that passengers are distributed according
to safety and efficiency conditions. For example, passengers tried to avoid contact with each other
unless it is inevitable. In relation to comfort, the seats of the carriage are always used even if there is
a low level of crowding. If the crowding level increases, the boarding and alighting time go up. In
addition, passengers will spend one or two seconds more if the “let’s get off before getting on the
carriage” behavior is breached. This kind of experiment can be used in further research as a way to
test “what-if” scenarios using this new method of discretization of the space inside the train, which
cannot be tested in existing stations due to restrictions such as the weather, variability of the train
frequency, current design of the trains, among others. New experiments are necessary for future
research to include other types of passengers such as people with disabilities or reduced mobility.
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1. Introduction

The population in the city of London is around nine million inhabitants and grows
every year to the order of 40,000. Population growth within the region has led to extra
efforts being made to maintain the quality of life of the people who live in the center
of the city and its outskirts. To maintain the residents’ quality of life in the capital, it is
very important to talk about the distribution of people in the city and its outskirts, due
to the large population. Among the fundamental reasons it is important to consider, a
wide distribution is the government’s effort to create efficient systems in health, education,
infrastructure, and transportation [1].

Like many cities in the world, one of the ways to maintain and improve people’s
quality of life is related to the development of sustainable mobility plans; this must consider
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public transport such as railways, which need to improve capacity and punctuality [2]. Due
to the requirements in the city of London, many economic resources are invested every year
to improve public transport [3]. In a non-pandemic situation, the London Underground
transports 2.9 million people daily [4], equivalent to 11% of the modal split. It is the
public transport that moves the largest number of people in London due to its efficiency in
terms of speed, quality and decongestion of the streets. In 2020, approximately 1.0 million
passengers used the subway as a means of transportation, which means a decrease of 66%
compared to 2019, mainly due to the low demand then as a result of the health emergency
caused by COVID-19 [4]. This decrease leaves the London Underground as the least
used public transport system, with only 5% of the modal split, compared to 6% for the
Overground train system and 11% for buses.

It is expected that in a post-pandemic period the situation will be “normalized”,
reaching values like those reported in 2019. This would imply, as in other cities such
as Buenos Aires [5], that situations of non-compliance with regulations are reached due
to crowding levels in the train—platform interface. This space is the most complex to
analyze, which has registered a high interaction between passengers getting on and off the
trains [6,7]. If the interaction increases the train will maintain at the station for a longer time,
due to the time each passenger gets on and off the train [8]. By the above, it is important to
add that there is a poor distribution of passengers inside the train, which is due in part to
the disorderly flow in the process of getting on and off together with the lack of signaling or
poor positioning of the passengers, seats, and support handles. Similarly, most people tend
to gather in the central hall area due to the location of the vertical handrail, which further
exacerbates the problem [9,10]. Therefore, it is inevitable that accidents, harassment, and
assaults, among other problems, occur due to the reduction in the available space that is
generated [11]. At the same time, it should be considered that the mobility of some people
is reduced due to their age, physical problems, or items they carry (wheelchairs, canes, etc.),
which adds to the problem of space that is presented in this transport mode [12].

Due to the aforementioned reasons, the problems generated by the different crowds of
people and their behavior inside the wagons must be addressed. Likewise, it is necessary
to determine how these conditions affect the boarding and alighting times at the train—
platform interface, and their impact on the distribution of passengers which is the main
objective of this study. For this, the specific objectives are the following: (a) identify the
variables that affect the distribution of passengers inside an urban train; (b) define a method
to study the distribution of passengers; (c) analyze different levels of crowding by the
means of experiments carried out in the Pedestrian Accessibility Movement Environment
Laboratory (PAMELA) of University College London (UCL); and (d) propose design and
operation recommendations for the interior of trains based on the analysis carried out.

The structure of the paper is divided into five sections: In Section 2 different studies
of passenger behavior at the platform-train interface are reported. Next, in Section 3 the
experimental method is defined. In Section 4 the results are analyzed, followed by the
conclusions in Section 5.

2. Passengers’ Behavior on Public Transport

The distribution of passengers on public transport is determined by different factors
which depend mainly on the moment in which the trip is made due to the behavior of pas-
sengers. According to RSSB [13], four factors can affect the behavior of passengers on public
transport: the density of the train or platform (e.g., personal space), the physical design
of the train (e.g., width of the platform, number of seats, or distribution of handrails), the
information provided to passengers (e.g., maps, signage or screens), and the environment
(e.g., weather). On the other hand, Webb and Weber [14] have mentioned that the behavior
assumed by passengers in situations of high interaction, such as urban trains, would also
be determined by the ability to see, hear and move, and people’s ages and genders. In the
same way, Hoogendoorn and Daamen [15] proposed that the behavior of passengers is
determined by other characteristics such as the purpose of the journey, the familiarity of
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the route and the luggage carried. Moreover, Cox et al. [16] reported the difference between
density and crowding, in which the behavior is affected by the stress of passengers in
public transport environments. For Still [17] the behavior of passengers is related to the
perception of risk and safety, in which crowd management measures are needed.

Another line of thought is reported by Schmidt and Keating [18], in which the behavior
of passengers, and therefore their distribution inside an urban train, is determined by
psychological elements organized in the states. The first state is defined as a behavioral
state, where the passenger facing a crowd has no control or freedom of movement. The
second state is defined as the cognitive state, which depends on the information given to
the passenger before he/she faces a situation that compromises the capacity of the urban
train. The last state is decisional, in which the passenger has full freedom to carry out the
desired movement. In this sense, psychology plays a fundamental role when generating
models that allow describing the distribution of passengers in crowded situations [19].
These studies are based on virtual ring models that are generated to mark each passenger’s
personal space depending on the type of relationship that exists. For example, if an
unknown passenger approaches another passenger inside the train at a distance of less
than 0.45 m, this passenger will feel that his/her personal space has been invaded [20,21].

From a physical perspective, Lam et al. [22] reported that the crowding situation in
public transport environments can be related to the Level of Service of Fruin [23], in which
the space used by each passenger is equivalent to 0.3 m? which considers 60 cm shoulder
width and 50 cm body depth. In turn, when the passenger is in motion, this space increases
to 0.75 m?, which implies the movement of arms and legs [24]. If the density inside the
train increases, each passenger becomes an obstacle, and therefore the space used by each
passenger is experimentally represented as an ellipse with an area of 0.96 m wide and
2.11 m deep [25]. However, in a situation of crowding, it is also very important to consider
other factors when talking about the space used by passengers such as age, sex and health;
this is reported by Daamen and Hoogendoorn [26] through real-scale experiments.

When the trip is made during peak hours, more than 80% of the train capacity is
used; the density occupied by passengers is 6 passengers/m?, which is a very high density
for a space as small as an urban train. As a consequence, the density directly affects the
efficiency and safety of the train—platform interface. In terms of efficiency, the boarding time
increases linearly with the passenger density while the alighting time per passenger grows
exponentially and triples when the density of passengers on board reaches 6 passengers/m?.
This is explained by Tirachini et al. [27], in which the complexity of getting off a vehicle
considers a high level of crowding. For example, an uneven distribution of passengers
can increase the boarding and alighting time at the platform-—train interface in metro
stations [28]. Regarding safety, this interface between the train and the platform or platform-—
train interface (PTI) is the most complex space when it comes to boarding and alighting
passengers. The PTI is the area in which the greatest number of interactions is reached, and
therefore in which accidents mainly occur. For example, in the case of the United Kingdom,
each year there are three million interactions on the national network (Railway Network);
in these, 21% of safety risks (injuries and deaths) along with 48% of fatality risks occur at
the train—platform interface [6].

To study the distribution of passengers against high crowds, different authors [29-36]
have been performing real-scale experiments in which management measures are proposed
to reduce the boarding and alighting time such as wider doors or the implementation
of platform edge doors. For example, traffic management measures, such as waiting
areas or the use of vertical handrails to channelize the flow inside the train, could reduce
accidents and generate a more efficient and accessible platform-train interface by reducing
the dwell time [37]. The dwell time considers a fixed component which is affected by
the opening of doors, closing of these doors, and the time related to the mechanical
movements of the train. In turn, the dwell time has a dynamic component that refers to the
movements of passengers getting on and off, affecting the space occupied by passengers
in the train—platform interface. Recently, real-scale experiments [38,39] have been carried
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out to represent the space occupied in the train—platform interface, in which a person with
reduced mobility (for example, a wheelchair) occupies more space than a person without
reduced mobility. In addition, the high density of passengers can affect not only the space
occupied by each passenger but also the distribution of passengers on the platform [7]. The
authors proposed a model of virtual rings to determine the location of passengers waiting
to board the train, where a higher density generates difficulty for passengers who want
to get off the train to the platform, affecting the boarding and alighting times. It should
be considered that the study carried out by Seriani and Fujiyama [7] only considered the
distribution of passengers on the platform waiting to board the train, leaving open the
possibility of expanding what was done by these authors and studying the distribution of
passengers inside the trains, which is the main objective of this study.

To study the distribution of passengers inside the train, the Level of Service (LOS) can
be used. The LOS is introduced by transportation engineers to address the capacity of the
design or the provision of space on the road, and assumes that the maximum achievable
flow of vehicles is not desirable for all roads and could lead to planned congestion. However,
this concept is not only used for roads but also to study the level of pedestrian flow
that occurs in certain scenarios; that is, in areas where a certain domain of design is
allowed, such as in urban trains, in which high levels of LOS can be provided with the
consequent improvement of the pedestrian environment. It should also be mentioned
that LOS corresponds to a quantitative indicator of the performance measurement that
represents the quality of service, such as travel time, speed, delay, comfort, convenience,
safety, cost, among others. The set of measurements used to determine the LOS in transport
system is called a service measure [23,40].

In public transport, the LOS is used as a method to indicate the degrees of congestion
and conflict in study areas such as flat areas, queues (waiting areas) or stairs, through
general parameters such as speed, density or flow. Fruin [23] studied the behavior of
passengers in some metro stations to obtain the capacity of a journey. With this information,
he reported that by reducing the space the flow increases up to the limit capacity of the
space and, in turn, the movement of passengers is reduced. That is, the higher the density,
the lower the flow and speed of passengers. The Highway Capacity Manual [8] defines six
levels for LOS, ranging from letter A to letter F, for each service measure. Level A represents
the best operating conditions of the space from the passenger’s point of view (free flow
without conflicts). If the flow increases a greater density per m? is reached, generating a
decrease in traffic speed in which a Level E is equivalent to the total capacity of the space.
The worst case is reached in Level F where the critical density is exceeded. Fruin [23] used
the LOS method to study the density of people who are moving or in waiting areas (for
example, inside the train), according to the density, space, and percentage of occupancy in
the vehicle.

In conclusion, the LOS is an effective methodology to study the different levels of den-
sity; however, it is not the most common method to analyze the distribution of passengers
in such crowded spaces as the platform-train interface. Although it measures the density
in the train or on the platform, it cannot be used as a specific indicator to measure the
distribution of passengers in the different zones inside the train. Some authors have shown
the need to include other parameters such as crowding, which can be used in parallel to
the LOS. According to Evans and Wener [41], the overall density used in the LOS does not
predict which space presents more interaction between passengers. The authors studied
density, stress and commuting in trains where passengers must be seated next to others
and found that the level of stress increased as the density went up. Kaparias et al. [42]
studied the experience of pedestrians. The authors reported that existing studies have high-
lighted relevant factors that specifically affect the walking experience, such as Sarkar’s [43]
level of service which is based on safety, comfort and convenience, continuity, consistency
system and attractiveness; or the study by Pikora et al. [44] in which the quality of walking
depends on functional, safety, aesthetic and destination factors. The author evaluated the
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environment and the factors that specifically affect the experience of pedestrians based on
questionnaires and regression models, following the PERS software [45].

3. Experimental Method
3.1. Variables Observed

According to Seriani and Fernandez [46], the behavior of passengers is affected by
three types of variables: firstly, physical variables are referred to as the dimensions of each
circulation element to be studied (e.g., width and length of the train); secondly, operational
variables are defined as the flow, movement, density, boarding and alighting times, among
other variables that affect the behavior of passengers; thirdly, spatial variables are requested
in which the passenger’s behavior changes according to their environment (e.g., the use of
platform edge doors between the platform and the train).

The physical and spatial variables were registered in 2017 from observations in existing
stations of the London Underground network. In particular, the observations were based
on two main stations: Green Park and Westminster stations (both on the Jubilee Line).
These stations are located in the center of the city of London, in which high annual demand
is reached (39.4 and 25.6 million trips per year, respectively [47]. Both stations have similar
characteristics; however, the main difference between them is due to the fact that platform
edge doors (PEDs) have been installed at Westminster station between the train and the
platform, while Green Park station does not have PEDs.

From the observations at Green Park and Westminster stations in 2017, a series of
experiments were carried out at the Pedestrian Accessibility Movement Environment
Laboratory (PAMELA) of University College London (UCL). The mock-up at PAMELA
represented a carriage of an urban train with two double doors 1600 mm wide, 20 seats,
a horizontal space between the train and the platform of 90 mm, and a total surface area
inside the wagon of 17.46 m? [7] (see Table 1 and Figure 1).

Table 1. Physical and spatial variables in PAMELA at UCL.

Variable Symbology Unit Value
Train width Atrain m 2.65
Train length Lirain m 10.00
Platform width Aplatform m 3.30
Platform length Lplatform m 10.20
Door width Adoors m 1.60
Number of doors Ndoors quantity 2.00
Vertical handrails Nhandrails quantity 10.00
Central seats of the train ASCirain quantity 12.00
Train side seats AS] train quantity 8.00
North and south side aisle area AgislerNn and AgigleLs m?2 1.76 and 1.76
Central aisle area AjisleC m? 3.22
South and north central hall area Apancs and Apanen m? 5.36 and 5.36
Total floor area Atotalfioor m?2 17.46

From Figure 1 it can be observed that 5 zones inside the train were defined, which were
determined by the location of the seats, the vertical handrails, and the platform edge doors.
These variables changed the behavior of passengers as they could modify the distribution
of passengers within the train according to efficiency and safety:

e  The central hall (CH) is the space located just at the moment of entering the train,
which is limited by the seats and vertical handrail;
The central aisle (CA) is the space between each central hall that the carriage has;
The side aisles (SA) are the spaces that exist as a connection between the central hall
and the seats;
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e  The central seats (CS) correspond to seats located in the center of the carriage (facing
the central aisle), while side seats (SS) are located at the ends of the carriage (in front

of the side aisles).

A _train

A_platform

Platform edge doors

L_train
Side Seats (S5) Central Seats (CS) Side Seats (SS)
;Z" As | As As As As AS As | As As As E
o T 2
Central Hall (CH) Central Hall (CH)
& Central Aisle ®

Side Aisle (SA) (CA) A_totalfloor Side Aisle (SA)
* As | As A_doors As | As | Aas | as | as | as A_doors As | As 3
R S — | B

" —

| e— —— I — ]

Yellow safety line
O Vertical handrail L_platform
As  Seats
B Train doors
|

Figure 1. UCL PAMELA carriage to represent the boarding and alighting process.

At PAMELA the operational variables were defined before starting the experiments.
The first group of operational variables was related to the distribution of passengers, which
was defined as the behavior of passengers in terms of the movement they make within
the different zones of the train for different levels of crowding. In this sense, movement is
defined as the change in zone that the passenger made inside the train, while crowding is
defined as the ratio between the number of passengers and the specific zone where they
are located, but also as the percentage of space used by passengers in each zone inside

the train.

To study the distribution of passengers inside the trains, three instants of time were

defined (see Figure 2):

e  The first instant of time was defined as the time before the doors opened. At this
instant, the crowding level is considered for each zone inside the train;
e  The second instant of time began when the doors opened and ended when the doors
were closed. In this lapse of time, the number of passengers getting off is studied,
which was defined as the passengers alighting from any zone inside the train towards
the platform. Another variable observed was the number of passengers who remained
inside the train (i.e., passengers who do not get off the train towards the platform, but
they may or may not move within the train). At the second instant of time, the number
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of passengers boarding was also addressed, defined as the passengers who were on
the platform and ascend to some zone within the train;

e  Finally, the third instant of time began when passengers entered the train and the
doors closed. In this instant of time, the passengers who remained inside the train and
those who boarded the train were counted.

Train
Platform Instant 1: before train doors starts to open
Train
Platform Instant 2: train doors opened, alighting is first and

passengers wait until there is space to board

Train
I-N-

Instant 2: train doors starts to close, some passengers

Platform may try to board or alight
Train
Platform Instant 3: train doors finishes to close, safety check

by the crew and station staff
Figure 2. Instant of time defined in the experiments at PAMELA.

In the second and third instants of time the boarding and alighting time was analyzed,
which measures the time it takes for passengers to get on and off from any zone inside the
train to the platform. It is measured from the moment the first person crosses the yellow
line and ends when the last person crosses the yellow line. The yellow line was located at
the edge of the platform, which is a point of proximity to the train for the process of getting
on and off.

The last operational variable observed in the second and third instants of time was
the non-compliance with “let’s get off the train before getting on the train”. This included
the behavior of passengers when interacting in the boarding and alighting process. This
variable is studied based on how it affected the boarding and alighting time.

3.2. Scenarios

In this study, the scenarios were based on the experiments conducted by Seriani and
Fujiyama [7] from PAMELA at UCL. Different scenarios were considered with a total of
110 passengers (see Table 2). Of the total passengers at the experiments (110 passengers),
46% (50 passengers) were men and 54% (60 passengers) were women. Most of them (78%)
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were regular users of the London Underground. Regarding their ages, most of them (60%)
were under 45 years old. The age group volunteers are detailed below:

<24 years old: 15%;
25-34 years old: 26%;
35-44 years old: 19%;
45-59 years old: 27%;
60-64 years old: 7%;
>65 years old: 7%.

Table 2. Scenarios to be studied at PAMELA at UCL.

Scenario Symbology Unit Board  Alight Remain Inside Carriage
0 LCO (80,20,10) Passenger 80 20 10
1 LC1(20,80,10)  Passenger 20 80 10
2 LC2 (40,40,30)  Passenger 40 40 30
3 LC3 (40,10, 60) Passenger 40 10 60
4 LC4(10,40,60)  Passenger 10 40 60
5 LC5(20,20,70)  Passenger 20 20 70

The scenarios in Table 2 are classified according to three levels of crowding that
depended on the number of passengers considered for the study and its analysis. The
crowding level is defined in Table 3.

Table 3. Crowding classification for different case studies according to the scenario.

Crowding Level Number of Passengers Considered [Passengers]
Low <50
Medium 51-80
High >81

Considering the different levels of crowding, a new method is proposed to study
the distribution of passengers inside the train. This method consisted of observing the
distribution of the passengers inside the train in the three instants of time, and 5 zones
defined previously in Section 3.1. The method is developed by observing the videos of
PAMELA from UCL (see Figure 2) for each scenario mentioned in Table 2. The two doors
of the carriage are used for boarding and alighting simultaneously, in each scenario. The
number of passengers getting on and off the train, their movements, distribution within
the train, and the time it takes to board and alight are studied. The number of passengers
who remained inside the train, their distribution and the movements that can be generated
are also considered. In the PAMELA experiment at UCL, 12 runs were studied for each of
the scenarios. In each run, passengers were assigned a number from No. 1 to No. 110 and
caps of different colors (white for those getting off the train and red for those getting on).
Those who remained inside the train did not use caps (see Figure 3).

It is important to mention that this method considered that passengers should get off
the train before getting on the train, which refers to the fact that first all the passengers
should alight, and then those who are waiting at the platform start boarding. However, it
is considered a breach of such behavior when one or more passengers have boarded the
train before the other passengers have alighted.
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Figure 3. UCL experiments at PAMELA.

3.3. Indicators

The method used to measure the distribution of passengers in different scenarios
begins with the division of the carriage at PAMELA of UCL into the five zones defined
previously in Section 3.1 (the zones are central hall (CH), central aisle (CA), side aisles
(SA), central seats (CS) and side seats (SS)). After the division is made, the distribution of
passengers in the different zones of the train for the first instant of time is observed. Then,
in the second instant of time, the movements are observed, from which data are collected
on the number of people who get off, stay, and get on in the different zones of the train. It is
carefully observed from which areas within the train the passengers get off, how those who
remain in the different zones of the carriage are moved or redistributed, and subsequently,
the data on the movements of those who board the train are collected. Finally, for the third
instant of time, the location of the passengers who remained together inside the train with
those who boarded is analyzed.

Other variables that are studied for the different scenarios correspond to the time it
takes for passengers to get on and get off the train. As mentioned in Section 3.1, when the
passengers alight the time begins to be measured from the moment the doors open and
ends when the last passenger crosses the yellow line (located at the edge of the platform).
The boarding time starts when the last person gets off (regardless of whether or not any
passengers are getting on before) and stops when the last user boards the train.

In the first place, the level of crowding is compared to the LOS defined by Fruin [8]
in the HCM [23]. This is analyzed through the 5 zones in which the train is divided. The
analysis is done for the first, second and third instant of time in the scenarios mentioned
previously in Section 3.2. The movement of passengers is compared by considering the
probability of the movements that are generated from different zones of the train with
different origins and destinations. The probability analyses help to identify which space
inside the train is more congested, and therefore to better understand the distribution
of passengers compared to the LOS which is based on average values of the whole train
(see Table 4).
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Table 4. Level of Service, density (pass/ m?) and space (m2/ pass) (Fruin [23]).

. . . - Values for
Values for Moving Passengers in Flat Areas Values for Passengers in Waiting Areas Both Cases
. . o ti
LOS Density [55° Space [ p"';zs Speed [%] Density [£37] Space [}%] cc1[1(§)a]1 ton
<0.31 >3.24 >1.3 <0.82 >1.21 0-30
0.31-0.43 2.32-3.24 1.27-1.3 0.82-1.07 1.21-0.93 30-40
e 0.43-0.72 1.39-2.32 1.22-1.27 1.07-1.53 0.93-0.65 40-60
D 0.72-1.08 0.93-1.39 1.14-1.22 1.53-3.57 0.65-0.28 60-80
1.08-2.17 0.46-0.93 0.76-1.14 3.57-5.26 0.28-0.19 80-100
>2.17 <0.46 <0.76 >5.26 <0.19 >100
4. Results

4.1. Passenger Distribution: The First Instant of Time

The first instant of time corresponded to the start of the videos and ends when
the doors open. With the information collected from the 12 runs, the average density
(passengers/m?), the average occupancy level (%) and the LOS are calculated (Table 5).

Table 5. Density, Occupancy Level and Service Level, at the first instant of time.

Density [Passengers/m?] Occupation Level Level of Service (LOS)
Stage CH PC SA CS SS CH PC SA CS SS CH PC SA CS SS

(801:2%?10) 0.47 1.01 1.63 4.02 444  9.0% 192% 311% 764% 84.4%

(201:8%,11 0) 4.42 3.78 4.02 4.05 466 839% 71.8% 765% 77.1% 88.5%

(401:5530) 3.00 3.18 2.79 4.68 466 57.0% 60.5% 531% 889% 885% D

( 401:1%?60) 2.60 3.73 3.27 493 488 494% 70.8% 621% 93.8% 927% D -

(10];:(:)%60) 4.31 5.23 4.92 522 510 819% 994% 93.6% 99.3% 96.9%

(20]:2((:)?70) 4.23 3.55 3.86 5.19 515 804% 674% 73.4% 98.6% 97.9%

First of all, it should be noted that for this instant of time the passengers considered are
those who get off the carriage and those who remain on the train. To verify if the crowding
level is high, medium, or low, the level of service (LOS) is observed in the central hall area
(CH). The highest crowding level occurs in the LC1 (90 passengers), LC4 (100 passengers)
and LC5 (90 passengers) scenarios; these passengers are distributed in other zones of the
train in similar ways, reaching LOS = E. In medium-crowding level scenarios such as LC2
(70 passengers) and LC3 (70 passengers), although the number of passengers inside the train
is the same (70 passengers), it can be seen that there is a higher density in the central aisle
(CA) for LC3 than for LC2, This may be caused because in LC3 the number of passengers
that remain inside the carriage is twice the amount considered in LC2, and therefore
people tend to stay in places far from the train doors to avoid interaction with passengers
getting off and on the carriage. For the low-crowding level scenario (LCO = 30 passengers),
several different LOS are seen. In this case, each central aisle and central hall have less
occupancy, since the location preference depends mainly on comfort or safety, and they do
not necessarily seek to locate near the doors to have a shorter alighting time. This is caused
because it is easy to move due to the large free space that exists inside the carriage.

Regarding the descriptive statistical analysis carried out for each of the scenarios
(considering the information collected from the 12 repetitions), Table 5 shows the average
density presented by the different scenarios; it was expected, as mentioned above, that
the average in high-crowding level scenarios such as LC1, LC4 and LC5 would have a
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higher value of density than the average in zones such as central hall (HC), central aisle
(CA) and side aisle (SA). This is followed by medium-crowding level scenarios like LC2
and LC3. The low-crowding level scenario like LCO presented the lowest density. However,
it is observed that the average density in the central seating zone (CS) and side seats (SS)
does not vary greatly according to each scenario (maintaining LOS = E). Results show that
all available seats are generally used. This can be explained by the fact that passengers
always prefer to remain seated regardless of the amount of space inside the train, seeking
the comfort and safety that these areas represent.

On the other hand, it can be seen that the sample variance and standard deviation
in each of the scenarios do not have excessively large values, which means that the data
do not behave in a dispersed manner; this shows that in each repetition the location of
the passengers does not vary significantly. Likewise, the highest variance of the sample
and standard deviation occurs in the central hall area in the LC4 scenario. This scenario
is of high crowding level and with a greater similarity between the participants who
get off (40 passengers) and remain (60 passengers). Another potential cause is that the
interaction between those who get off and stay is high, and therefore a greater uncertainty
for passengers is reached. These values are explained due to the range of values that occurs
in the different zones of each of the scenarios.

4.2. Passenger Distribution: The Second Instant of Time

The second instant of time begins when the doors open and ends when they close.
This section deals with the results of the movements made by the passengers for this instant
of time and their respective analyses. Next, the behavior of passengers getting off the train
towards the platform is studied, with the importance of showing which are the areas where
more passengers get off and their associated behaviors. Then, the studies and analyses
were carried out to obtain the probability of movement from each zone. This probability is
calculated according to the information collected, as the passengers who move from or to a
specific zone divided by the total number of passengers per scenario

Given the probabilities calculated in Table 6, it can be seen that the low-crowding
scenario LCO (passengers who get off and stay inside the train) is the only scenario in which
the greatest probabilities of alighting originate in zones central seating areas (CS) and
side seats (SS). This can be explained since there is no need for passengers to be near the
train doors as there is enough space to move from any zone when getting off the carriage,
and therefore, comfort and safety are prioritized. This is contrary to what happens in
the medium-crowding level (LC2 and LC3) and high-crowding level (LC1, LC4 and LC5)
scenarios, in which the movement is more complex and where there is a greater probability
of alighting from the central hall (CH). This is because the passenger prioritizes efficiency
when getting off the carriage in terms of time, and therefore this is the zone that allows it
because it is the closest to the train doors.

Table 6. Probability of zones from which passengers get off for the second instant of time.

Total Alighting per Stage

Probability of Getting off the Train Towards the Platform

Scenario [Passengers] CH CA SA CS SS
LCO0 (80,20,10) 240 0.117 0.104 0.163 0.375 0.242
LC1 (20,80,10) 960 0.553 0.141 0.147 0.094 0.066
LC2 (40,40,30) 480 0.619 0.154 0.067 0.079 0.081
LC3 (40,10,60) 120 0.342 0.125 0.183 0.133 0.217
LC4 (10,40,60) 480 0.592 0.106 0.158 0.079 0.065
LC5 (20,20,70) 240 0.308 0.267 0.158 0.192 0.075

Table 7 shows the probabilities of movement of those who stayed inside the carriage.
The probability is obtained considering the ratio between those passengers who moved
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from their origin or destination and the total number of passengers who moved. Table 7
shows the probability for those passengers who moved from their origin in which the
movements take place for these passengers, followed by the probability for those passengers
who moved considering their zone of the destination. Table 7 shows, in all the scenarios
studied, the zone where a greater change in movements is produced from the central hall
(CH), which has the benefit of greater proximity to all the other zones and toward the doors
of the train. The other zones such as the central aisle (CA) and side aisle (SA) reached fewer
movements. On the other hand, from central seats (CS) and side seats (SS), the probability
of origin is almost zero, but the destination reached the highest probability. This means
that passengers who are seated did not change their positions due to comfort reasons, and
if there was a seat available it was rapidly desired by passengers who wanted to be seated
rather than standing inside the train.

Table 7. Probability of movement with origin and destination of passengers who remained inside

the train.
Probability Movement Originating in Probability Movement with Destination in
Total
Scenario Passengers CH CA SA CS SS CH CA SA CS SS
Who Moved

LCO (80,20,10) 46 0.57 0.09 0.30 0.04 0.00 0.02 0.04 0.00 0.52 0.41
LC1 (20,80,10) 60 0.53 0.15 0.32 0.00 0.00 0.08 0.00 0.00 0.53 0.38
LC2 (40,40,30) 92 0.45 0.21 0.35 0.00 0.00 0.20 0.01 0.00 0.40 0.39
LC3 (40,10,60) 45 0.44 0.16 0.40 0.00 0.00 0.00 0.00 0.00 0.40 0.60
LC4 (10,40,60) 177 0.43 0.29 0.28 0.00 0.00 0.36 0.13 0.15 0.20 0.16
LC5 (20,20,70) 120 0.71 0.23 0.07 0.00 0.00 0.00 0.53 0.00 0.35 0.12

Table 8 shows that for the passengers who board, the greatest probability occurs
in the movement towards the central hall zone (CH), reaching a range between 0.233
(LC1 20,80,10) and 0.704 (LC3 40,10,60). This is caused because of the proximity and the
large space that is presented. In the CH, there is a low crowding level and a low level of
occupation of those passengers who remained inside the train. Therefore, the probability
that passengers will go to a zone increases if the density in that sector is lower.

Table 8. Probability of passengers boarding for the second instant of time.

Probability of Boarding the Train from the Platform

Total Boardings per

Scenario Scenario [Passengers] CH CA SA CS SS
LCO0 (80,20,10) 960 0.509 0.154 0.174 0.106 0.056
LC1 (20,80,10) 240 0.233 0.071 0.104 0.379 0.213
LC2 (40,40,30) 480 0.592 0.173 0.171 0.035 0.029
LC3 (40,10,60) 480 0.704 0.121 0.148 0.015 0.013
LC4 (10,40,60) 120 0.467 0.275 0.183 0.033 0.042
LC5 (20,20,70) 240 0.600 0.167 0.183 0.025 0.025

Another factor that influences the calculated probabilities is the preference of the
people who have to use the central seating areas (CS) and side seats (SS), whenever there is
availability. First, if there is availability in these zones, boarding passengers will be moved
to those areas. Secondly, passengers will prefer to move to the central hall (CH) due to
the efficiency and proximity to the doors that this area provides. Finally, passengers will
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move to areas such as the central aisle (CA) and side aisle (SA), with a greater probability
of boarding in those cases of low occupancy level.

4.3. Passenger Distribution: The Third Instant of Time

The third instant of time begins when passengers board and the doors close. For this
instant of time, the passengers who boarded and those who remained were considered,
where the average density of each scenario, the average occupancy level, and the associated
service level were calculated (see Table 9).

Table 9. Density, Occupancy Level and Service Level, in the third instant of time.

Density [Passengers/m

7]

Occupation Level

Level of Service (LOS)

Scenario CH PC SA CS SS CH PC SA CS SS CH PC SA CS SS
(80172((:)(,)10) 38 414 433 526 526 735% 787% 82.4% 100.0% 100.0%

(20%8((:),110) 051 049 083 526 526 98% 93% 158% 100.0% 100.0%

(40174((:),230) 272 295 322 526 526 51.7% 56.1% 612% 100.0% 100.0% D

(40171((:)?60) 475 466 400 526 526 90.3% 88.6% 76.1% 100.0% 100.0%

(10174((:)%60) 244 404 3.08 526 526 464% 76.8% 585% 100.0% 100.0% D

(20172%?70) 411 388 381 526 526 782% 73.8% 725% 100.0% 100.0%

According to the densities at this instant of time, it can be seen that the high-crowding
level scenarios (sum of passengers who board and remain on the train) are LC0 (90 passen-
gers), LC3 (100 passengers) and LC5 (90 passengers). The medium-crowding level scenarios
are reached in LC2 (70 passengers) and LC4 (70 passengers). Finally, LC1 (30 passengers)
is considered a low-crowding scenario. Similar to the analysis carried out for the first
instant of time, it is shown that the crowding categorization of each scenario (high, medium
or low density) can be corroborated with the level of service (LOS) that occurs in the
area of the central hall (HC) because this is the busiest area with the highest interaction
between passengers.

It can be seen from the LOS that in the LC0, LC3 and LC5 scenarios they are LOS = E
in the central hall (HC), central aisle (CA) and side aisle (SA) zones, which demonstrates a
uniform distribution throughout the train according to the space available. Moreover, it is
observed that although LC2 and LC4 are medium-density scenarios for this instant of time,
they differ in the LOS that is presented in the central corridor area, in which in the case of
LC2itis LOS D and in LC4 is LOS E. This behavior can occur mainly due to the number
of passengers that remain inside the train, in which LC4 has twice that of LC2, and these
passengers are located mostly in this area (center aisle) to move away from the train doors,
avoiding high interactions with boarding passengers.

In the LC1 scenario, the density and level of occupation are low in almost all zones.
Having such availability of space allows passengers to choose the location based on comfort,
safety and efficiency, thus facilitating the passenger’s journey. However, there is certain
behavior that is repeated with the other scenarios and deals with the LOS that is presented
in the central seating areas (SA) and side seats (SS) that have 100% occupancy being of LOS
F. This behavior responds to the need for passengers to be comfortable and safe on their
trip, even if this means having a high density.

A descriptive statistical analysis of the aforementioned scenarios is done according
to the information collected. The average of the different scenarios is observed, in which
the highest values are in the high-crowding level scenarios (LC0, LC3 and LC5). In these
scenarios, the highest averages are in the central hall, central aisle, and side aisle areas,
because these are the sectors with the greatest availability. The medium-crowding level
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scenarios (LC2 and LC4) have lower averages due to the level of occupation in them.
However, as mentioned above, it is observed that for LC4 the average observed in the
central aisle is greater than in LC2. The low-crowding level scenario LC1 is the one with the
lowest averages in the central hall, central aisle, and side aisle zones. It is also observed that
the variance and standard deviation in the different zones of the LC0, LC1, LC2, LC3 and
LC5 scenarios do not vary much between them and do not have high values either, which
means that the data do not behave in a scattered way, showing that the behavior of people
does not change much in each of the repetitions. However, in LC4 the opposite occurs with
a variance of 17.06 [passengers/m?] and a standard deviation of 4.13 [passengers/m?] in the
central hall area. This may be because there is greater variability of scenarios, considering
that passengers did not know how many people will board the train, and therefore they
were exposed to different cases such as many passengers boarding (worst case) or few
passengers (best case). Thus, passengers needed to accommodate their position considering
the unknown exact location of the greatest number of passengers, which may affect their
convenience to feel comfortable, safe or efficient.

4.4. Boarding and Alighting Time

This section shows the times it takes for passengers to get off and on the carriage. The
alighting time begins when the doors open and ends when the last passenger to get off
crosses the yellow line (at the edge of the platform). Boarding time begins when the last
passenger getting off crosses the yellow line and ends when the last passenger boards.

Table 10 shows that the time of the greatest alighting time is in the LC1 scenario
because it has a greater number of people who want to get off (80 passengers per run).
Then it is observed that the second scenario, which has the greatest alighting time, is LC4
followed by LC2; this is because they reached the highest number of passengers getting
off (40 passengers). However, the wide difference in the times it takes to get off is because
the density in LC4 is high for the first instant of time (100 passengers who get off and stay
inside the carriage) and for LC2 it is medium (70 passengers who get off and stay inside
the carriage).

Table 10. Average number of passengers getting off and on, and boarding and alighting times.

Total Total Average Average
Scenario Passengers Passengers Alight in Board in Al htign Boar di%l
Who Alighted Who Boarded  Average [Pass]  Average [Pass] 8N . 8
Time [s] Time [s]
[Pass] [Pass]

LCO0 (80,20,10) 240 960 20 80 12.87 28.63
LC1 (20,80,10) 960 240 80 20 30.36 7.42
LC2 (40,40,30) 480 480 40 40 21.14 16.45
LC3 (40,10,60) 120 480 10 40 7.90 2443
LC4 (10,40,60) 480 120 40 10 2492 5.04
LC5 (20,20,70) 240 240 20 20 16.44 11.51

It is also seen from Table 10 that the scenario is LC5 and then LCO that reached a
lower alighting time. In these cases, the number of passengers getting off is the same
(20 passengers); however, in the case of LC5, the density in the first instant of time reached
a high value (90 passengers getting off and staying inside the carriage), while in LCO it is
reached a low density (30 passengers getting off and staying inside the carriage). Finally,
the lowest alighting time is obtained in the LC3 scenario, which is the scenario with the
least number of people who want to get off (10 passengers).

Once this analysis has been carried out, it can be concluded that the alighting time
depends mainly on two factors: First and foremost, the number of passengers getting off,
that is, the greater the number of passengers getting off, the longer the time it takes to get
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off. Second, and less decisive, is the density of passengers inside the train in the first instant
of time (i.e., who wanted to alight and stay inside the train), since the density is higher and
the longer the time it takes for passengers to get off.

In the case of boarding, it can be seen that the scenario in which passengers take longer
to board is in LCO, since more passengers want to board (80 passengers per repetition)
compared to the other scenarios. The second scenario in which passengers take longer to
board is LC3 followed by LC2. Although the passengers who want to board are the same
(40 passengers), it differs in that the LC3 scenario has a greater number of passengers who
stayed in the second instant of time (60 passengers) compared to LC2 (30 passengers). Then
we have LC5 and LC1, which have the same number of people boarding (20 passengers),
but they differ in that there is a greater number of people staying at the second instant of
time for LC5 (70 passengers) than for LC1 (10 passengers). Finally, the scenario in which it
takes less time for passengers to board is in LC4 (10 passengers).

Given these results and similar to the alighting time, it is shown that the boarding time
depends mainly on two factors: First and foremost, is the number of passengers boarding,
that is, the greater the number of passengers, the longer the time it takes to board. In second
place and less decisive, are the passengers who remained inside the train in the second
instant of time, since the greater the number of passengers who remained inside the train,
the greater the time it takes for passengers to board.

Next, descriptive statistical analysis is developed. It can be seen that the highest
average boarding time occurs in the LCO scenario and in the alighting time for LC1. This
is because in LCO there are more people boarding than alighting, which is the opposite of
LC1 (i.e., more people alighting than boarding). It is also observed that the lowest average
corresponds to a smaller number of passengers, which occurs in the case of boarding in
LC4 with a time of 5.7 [s] with 10 passengers, while in the case of alighting it is in the LC3
scenario with a time of 9.74 [s] for 10 passengers. It can also be reported that the standard
deviation in all scenarios except LC3 is larger for alighting time than for boarding time.
This is explained by the greater dispersion of data that occurs during the alighting, which
may be due to the complications that there are to moving inside the train and getting off
(because the passengers who are on the platform generally obstruct the normal alighting
flow). However, this problem does not arise when passengers board the train, because
the people who stay inside the train avoid interacting with those who board, looking
for comfortable and safe areas far from the central hall area (area closest to the doors).
This is evident when the boarding and alighting times are compared for the scenarios
with the same number of people boarding and alighting, as in this case of scenario LC2
(40 passengers boarding and 40 passengers alighting) and LC5 (20 passengers boarding
and 20 passengers alighting). Table 10 clearly shows that the time it takes for passengers to
get on is less than to get off.

4.5. Behavior of “Let’s Get off the Train before Getting on the Train”

This section analyses how the “let’s get off the train before getting on the train’
behavior affects the time it takes for passengers to board and alight. This behavior does not
hold when there is at least one person getting on the train before everyone has gotten off.
It is observed which are the scenarios where this non-compliance is more common, and
which are the factors that affect it.

With the information collected, it was observed whether the behavior “let’s get off the
train before getting on the train” was fulfilled or not fulfilled. Behavioral data were recorded
as a binary value (yes or no), depending on whether all passengers got off before the first
passenger to board is met or not met. Table 11 below shows the number of compliances
and non-compliances for each of the 12 runs per scenario and the average times in each
case for all scenarios.

7
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Table 11. Effect of non-compliance of the “let’s get off the train before getting on the train” behavior.

Total Compliance

Total Average Time of Average Time
Non-Compliances 8 Non-Compliance

Scenario “Let’s Ge't off bgfore “Let's Get off before Compliance ”.Let’s (iet off “Let's Get off before
Getting on Getting on” before Getting on” [s] Getting on” [s]
LCO0 (80,20,10) 7 5 40.50 42.87
LC1 (20,80,10) 7 5 37.02 38.82
LC2 (40,40,30) 8 4 36.01 37.95
LC3 (40,10,60) 9 3 29.59 31.94
LC4 (10,40,60) 10 2 29.82 30.89
LC5 (20,20,70) 11 1 28.41 29.51

In Table 11 it is observed that the highest number of non-compliances occurs in
the scenarios with the greatest interaction (boarding and alighting), in which the LCO
(100 passengers) and LC1 (100 passengers) scenarios lead these cases, followed by LC2
(80 passengers), LC3 (50 passengers), LC4 (50 passengers) and LC5 (40 passengers). A
potential cause of this is due to the uncertainty that exists in finding a space inside the
train and not being left out of it. It is seen in the same way that for the scenarios that have
the same interaction, such as LCO with LC1 and LC3 with LC4, the times will be greater
when more passengers board than those who alight, since those who board the train are
responsible for the compliance of this behavior. It is also observed that the interaction times
when the behavior is breached are always greater than when it is fulfilled, which makes the
operation of the train—platform interface less efficient. This variation is seen in Table 11,
where the average times vary between 1 to 2 s when this behavior is breached. Given these
results, it can be concluded that compliance with this behavior is essential for the efficiency
of the platform—train interface.

5. Conclusions

The distribution of passengers inside the train is detrimental to the normal functioning
of the train—platform interface in terms of comfort, safety and efficiency. Therefore, this
allows us to study the effect of crowds (in terms of densities) on passenger behavior, which
was carried out through the observation of videos from the PAMELA laboratory at UCL,
analyzing the movement of these passengers.

Through the method developed, in which the train is divided into five zones and the
results are analyzed in three instants of time, it is evident how passengers are distributed at
different density levels and the behaviors they adopt in each case. When there is a high
level of crowding inside the train (LC1, LC4 and LC5), those who alight tend to locate in
areas close to the doors such as the central hall area to get off more efficiently in terms
of time. However, those who stay on the train prefer areas away from the doors, such as
the central aisle or side aisles. This allows those getting off and staying on the train to
interact less with those getting on. As the crowding level decreases, this behavior changes
to such an extent that for low densities (LCO) the area in which the passenger is positioned
is mainly related to comfort and safety, more than to any other factor. This is due to the
space in the train that allows passengers to move more easily when getting off, staying,
and changing positions.

In scenarios with medium and low crowding levels, passengers who remain on the
train often tend to change their position looking for comfort, safety, or efficiency. For
these reasons, the behaviors they acquire are different due to their need and the density of
passengers that arise. In all situations, most of the movements originate from the central
hall area, which confirms that passengers avoid interacting with those who board, and
therefore they go to spaces far from the train doors. In addition, it is observed that the most
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common destination areas for those who move are the lateral and central seats, if there is
space availability, due to the comfort that these places provide.

The most important factors are comfort and safety for those who board the train. This
behavior changes due to the density level inside the train in all scenarios. According to the
results obtained and the method developed, the discretization of the space inside the train
is more representative of the interaction than average values of density used mainly by
Fruin’s Level of Service to design and manage the platform—train interface. There is certain
behavior that directly affects the interaction of passengers getting on and off; this occurs
when the “let’s get off the train before getting on the train” behavior is breached. This is
caused by passengers boarding, which affects the normal operation of the train—platform
interface since it does not allow people to get off smoothly, and therefore the interaction
between those getting on and off takes 1 to 2 more seconds. The scenarios in which this
behavior is breached the most are those in which there is greater interaction, which can
be generated due to the greater uncertainty of finding more comfortable and safer places,
such as the central and side seats.

All the conclusions developed above show that passengers do have different behaviors
in different density scenarios, which generally negatively affects the proper functioning of
the train—platform interface, whose objective is to provide comfort, safety, and efficiency to
its users. Future research requires considering other types of passengers at the interface,
such as passengers with reduced mobility or disabilities. These investigations will require
new observation-based experiments in a larger number of types of subway stations, which
will allow to conduct of some statistical analyses to verify the significance of the results.
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