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ABSTRACT ARTICLE HISTORY
We propose a methodology based on multiple automated data Received 31 October 2018
sources for evaluating the effects of station layout, arriving trav-  Accepted 26 September 2019

eler flows, and platform and on-board crowding on the distribution KEYWORDS

of boarding passengers among individual cars of metro trains. The Public transport; crowding;
methodology is applied to a case study for a sequence of stations load data; boarding decision;
in the Stockholm metro network. The findings suggest that passen- passenger distribution;
gers opt for less crowded train cars in crowded situations, trading-off metro

walking and in-vehicle crowding while waiting and riding. We find

that the boarding car distribution is also affected by the locations

of platform access points and the distribution of entering traveler

flows. These insights may be used by transit planners and opera-

tors to increase the understanding of how passengers behave under

varying crowding conditions, identify the factors that affect travel-

ers’ choice of metro car and eventually reduce experienced on-board

crowding and increase the capacity utilization of the trains through

investments in infrastructure or operational interventions.

1. Introduction

As travel demand increases in many cities around the world, overcrowding in the public
transport system is recognized as a major issue, particularly during peak periods. Demand
level close to capacity leads to higher congestion levels on station platforms and inside
vehicles. There is a general need to understand public transport users’ travel behavior under
crowded conditions as well as their motivation for making a certain boarding decision. This
study focuses on advancing the understanding of how metro users are distributed across a
train.

On-platform passenger volumes influence train dwell times and passengers waiting
times, as well as headway variability and service reliability (Lam, Chung, and Lam 1999).
The larger the passenger load on the platform, the longer the boarding and alighting times
per passenger, which results in longer train dwell times. Models that are describing the
relation between crowding on platforms and dwell times have been empirically estimated
(Hanseler et al. 2017; Suazo-Vecino, Dragicevic, and Mufioz 2017). Platform congestion also
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has a critical impact on crowding within vehicles. On-board crowding is associated with
many negative consequences, such as discomfort and stress, unexpected delays, low prob-
ability of getting a seat and risk of failing to board a train (Tirachini, Hensher, and Rose 2013).
It is well established that on-board discomfort conditions, not getting a seat, high density
of passengers while riding and less efficient use of time during the journey cause a higher
disutility of on-board crowding perceived by users, reducing passengers’ level of satisfac-
tion (Cantwell, Caulfield, and O’Mahony 2009; Haywood, Koning, and Monchambert 2017).
Batarce, Muioz, and de Dios Orttizar (2016) showed that the disutility of travel time in a con-
gested vehicleis 2.5 times higher than in a vehicle where there are available seats. Wardman
and Whelan (2011) showed that passengers’ valuation of time spent seated starts increasing
when passenger demand exceeds 50% of the seating capacity. Crowding valuation is deter-
mined by Yap, Cats, and van Arem (2020) based on smart-card data, showing that frequent
travelers are more sensitive to on-board crowding than those who do not travel frequently
and lack prior experience.

Passenger loads can be highly unevenly distributed along platforms and between dif-
ferent cars of the train even during peak hours (TRB 2014; Zhang, Jenelius, and Kotten-
hoff 2017). This implies that train cars are not equally utilized, which results in higher
train requirements and operating costs, as well as higher experienced crowding discom-
fort. Some studies aim to reduce the skewness of the passenger distribution in the train by
determining the optimal train stop location along a platform (Sohn 2013) or by means of
providing real-time crowding information (Zhang, Jenelius, and Kottenhoff 2017). Mufoz
et al. (2018) evaluate the installation of a gate, that allows only unidirectional flows, in
the middle of the platform at a metro station in Santiago aiming to decrease congestion
by inducing different passenger boarding behavior. The interventions resulted in shorter
travel times and increased regularity of the trains.

Public transport users consider a variety of factors, such as travel time, transfers,
occupancy, comfort and network characteristics, when making travel decisions. Raveau
et al. (2014) compare travelers’ behavior in London and Santiago metro networks and find
that the latter are more willing to travel in crowded trains. In crowded situations passengers
have been found to make trade-offs, i.e. board a less crowded train car, wait for the next train
service or adapt their departure time to ensure a seat, to avoid the effects of on-board con-
gestion (Pownall, Prior, and Segal 2008). Metro passengers have been shown to choose an
alternative path in order to avoid delays and on-board crowding (Kim et al. 2015). Pel, Bel,
and Pieters (2014) analyze the effect of in-vehicle crowding conditions on rail passengers’
route choice, considering the average load factor, expressed as a ratio of the average on-
board passenger load to the seating capacity, as on-board discomfort indicator. A review
of the range of the on-board crowding indicators is provided by Li and Hensher (2013).

The distribution of passengers waiting on a platform is closely related to the physical lay-
out of the platform and the position of entrance/exit points (Szplett and Wirasinghe 1984;
Krstanoski 2014). The distance between the platform entrance and the waiting position,
the capacity of each waiting position, and the exit location at the destination station, are
some of the factors that determine the skewness of the distribution of passengers along the
platform (Liu, Li, and Wang 2016). A recent stated preference survey in Paris showed that
81% of the passengers during the morning peak hour choose the platform waiting position
based on their desired exit at the egress station, while on average, passengers were found
to be willing to walk 50 m in order to avoid on-board crowding (Christoforou et al. 2017).
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Kim, Kwon, and Wu (2014) conducted a survey at congested metro stations, studying pas-
sengers’ motivation for choosing a specific metro car to board. The results showed that
77% of the respondents reported choosing a specific car intentionally; among these, 70%
stated that their motivation was to minimize walking distance at the destination station,
17% sought to minimize walking distance at the origin station, and 13% stated that they
sought to maximize comfort during the trip.

Notwithstanding the insights gained by stated preference studies, travel behavior in
practice may differ from the surveyed. As a result, it is desirable to use actual observations
to increase our understanding of how metro users make their travel decisions and investi-
gate the impact of the underlying explanatory variables on their car boarding choice. The
increasing availability of automated data sources opens up new possibilities of revealed
preference studies, providing unbiased, massive and continuous public transport data that
enable transport agencies to adjust public transport supply to passenger needs better. To
the best of our knowledge, no studies have examined passengers’ car boarding choice
using automatically collected data sources.

This paper investigates the factors that affect the skewness of the distribution of pas-
sengers in the metro train and passengers’ motivation for boarding a specific metro car. A
framework is proposed for investigating the effects of on-board and on-platform crowd-
ing as well as incoming traveler flows at each platform access point on passengers’ choice
among different train cars using automated data sources. The framework utilizes train car
load data (e.g. automated passenger counts (APC) or weight measurements), station enter-
ing traveler flows (e.g. APC or automated fare collection (AFC) ) and a station-to-station OD
demand matrix, and is applied to a sequence of stations in the Stockholm metro network
where passenger loads are highly skewed among cars.

The remainder of the paper is structured as follows. Section 2 describes the proposed
methodology and the data required. A case study for metro line 14 in Stockholm is provided
in Section 3. Results regarding the factors that have a significantimpact on passengers’ deci-
sion to board a specific metro car are presented in Section 4. Section 5 draws conclusions,
assesses the limitations of the study and outlines follow-up work.

2, Methodology

This section presents the framework for evaluating passengers’ boarding car choice. Ideally,
it would be possible to observe the time and location of individual passengers’ entrance
at the origin station, their on-platform walking distances, choice of platform location for
waiting and car to board, and time and location of exit at the destination station. Such
information would allow for analyzing the trade-offs between walking distances and on-
board crowding at an individual level. In practice, however, such information is not readily
available. This paper proposes a method for analyzing the trade-offs at an aggregate level
using a combination of common automated data sources. Specifically, the paper mod-
els the share of passengers boarding a specific train car as a function of the crowding of
the metro train approaching the station, the physical layout of the station, and platform
crowding.

Further, the framework does not require automated passenger count data that distin-
guishes between boarding and alighting passengers, but proposes a method for estimat-
ing the number of boarding passengers in each car based on passenger load data and
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Table 1. Notation.

Train
i Metro traincar,i=1,...,N
Train trip
et Seated capacity per metro car i
Network
st Metro stations, t =1,...,S
k Platform access point, k € K = {south, middle, north}
Passenger
Xs Ratio of average boarding to alighting passengers at station s
q,‘-}fb"”’d Car i passenger load at train j departure from station s
qf]’f‘”d Passengers boarding car i of train j at station s
;iighr Passengers alighting car i of train j at station s
qlravel Station-to-station demand for each pair of stations s, t
wait e : in i arr :
a5 Passengers waiting on platform prior to train j arrival at station s
q}.‘z(”"e Arriving flow at platform access location k at station s before train j departs
board i i in i i
Piis Share of passengers boarding car i of train j at station s
pj‘y(”"e Share of passengers arriving at platform access location k at station s before train j departs

aggregate station-level OD demand data. However, the framework can readily incorporate
boarding passenger data when available. The notation used in the paper is summarized in
Table 1.

2.1. Datarequirements

Figure 1 summarizes the types of information obtained through combining the available
data sources. Entering passenger flow data, aggregated at the level of station entrances,
are utilized to estimate the proportion of passengers entering through a given access point.
Car load data are used as an indicator of crowding on-board the train arriving at a station.
Combining the car load data and the average ratio of boarding to alighting passengers at
a station, obtained from the aggregate travel demand patterns, the number of passengers
boarding each car unit is estimated. On-platform crowding, given by the total number of
passengers waiting on the platform prior to train departure, assuming that there are no
denied passengers, is then estimated based on the car load data and the aggregate travel
demand.
The analysis of passenger boarding car choice is based on the following data sources:

2.1.1. Train passenger loads

Passenger loads q;}fbo‘”d for each car i, train run j and station s describe the utilization of
each train car and are used to calculate on-board congestion and evaluate the level of ser-
vice. Such data may be obtained through car weighing devices which modern trains are
often equipped with (Nielsen et al. 2014) or through APC data from sensors installed at the
vehicle doors. The passenger load data of each car upon departure from the station is used
to characterize the in-vehicle crowding as well as the load difference for each individual
metro car between consecutive stations.

2.1.2. Station entering flows
Incoming passenger flows at the various access points of each train station are useful for
understanding the density of travelers at station facilities such as escalators and platform
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Figure 1. Information (blue rectangles) obtained by processing the data (white rectangles) retrieved by
automated data sources (gray rectangles).

sections. The entering traveler flow at each access point k of station s during the time inter-
val relevant for each vehicle trip j is denoted by qj‘;Z’VQ. This information may be obtained
through passenger count systems at the entrances, or automated fare collection systems
providing information about the user’s entrance and exit locations. In this study, the enter-
ing traveler flows are used to estimate the share of incoming passengers at each access
point.

2.1.3. Station-level OD matrix

Aggregate travel demand data qg’t""e’ describes the average station-to-station demand for
each pair of stations s, t. These origin-destination (OD) demand data can be derived from
transit assignment models, or directly observed from automated fare collection (AFC) sys-
tem depending on the fare collection scheme. The aggregated travel demand is used
together with passenger load data to estimate the number of boarding and alighting pas-
sengers for each train and station. If automated passenger count data, that distinguish

between boarding and alighting passengers, are available, the OD matrix is not needed.

2.1.4. Station layout

In addition to the passenger-oriented data, the physical infrastructure characteristics of the
station, including the dimensions of the platform, the layout of the station platforms and
the location of entrance/exit points, is also required.

2.2. Data processing

2.2.1. Boarding car distribution

Passenger load data are used to estimate the distribution of passengers among the cars
of each metro train. The passenger load difference in each cari =1,...,N, after train j
departs from station s, denoted by Agj;s, is defined as the difference in load between two

consecutive stations, s—1 and s, q;}’;’iﬂa’d and q;]’.fb"‘”d, respectively,

__ _onboard onboard
AquS - q/]s - qij,S*'l (1)
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The average number of boarding and alighting passengers at station s for a train direc-
tion, obtained from the aggregate OD matrix, is used to estimate the number of passengers
boarding each carion trip j upon departure from station s. The ratio of the average number
of boarding to alighting passengers at station s, denoted by y;, is computed as

S travel
. D t=si1 st

Xs s—1 _travel
t=1 Hts

()

The ratio of boarding to alighting passengers is assumed to be the same for all the individual
cars of the trains. The estimated number of passengers boarding car i on train trip j at metro
station s is then

ligh 1 X
q,l‘])'?ard = AQijs + q;}slg t— Aq/'js + X—q,??ard = p 5 ] Aqijs (3)
S s

board

The share of passengers boarding car i on train trip j at metro station s, denoted by Pijs "

is

board __ 9ijs _ Agjss @)
T NN _board T N
D G > izt Agys

The framework is applicable for positive and negative car passenger load difference
Agj;s but it requires consistency between the average ratio of boarding to alighting passen-
gers at a station ys and the car load difference for each car, i.e. Agjs > 0 requires x5 > 1,
while Agjj; < 0 requires xs < 1. The rare case where the average number of boarding and
alighting passengers at the same station are equal is not taken into account.

The analysis framework is also applicable for trains where movement between cars inside
the train is possible. However, it is expected that when the movement between cars is
allowed, the effect of on-board crowding on the car choice is lower because passengers
can avoid a crowded car after boarding by moving to another one.

2.2.2. Platform entry point distribution

A hypothesis is that the passenger car boarding distribution can be partly affected by the
physical infrastructure of the platform and the access point locations as well as the incoming
passenger counts at each platform entrance (Szplett and Wirasinghe 1984). We investigate
the impact of the distribution of incoming passengers among the entry points of the metro
station on passengers’ boarding car choice. The share of incoming passengers at platform
entry location k is computed from the station access points entering flows,

qqrrive
arrive _ sk (5)

Jsk ZK arrive
k=1 qjsk

2.2.3. Waiting passengers

Passenger’s decision to board a specific metro car may also be influenced by on-platform
crowding, approximated through the number of passengers waiting on the platform.
Assuming that no passengers are denied from boarding due to capacity constraints, the
number of waiting passengers on the platform prior to train departure j is equal to the total
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number of passengers boarding train j. The number of waiting passengers is then computed
from the passenger load data and the aggregate OD demand data,

N N
i X
q_,'V:alt — Z qg_?afd = —X _S ] Z Agijjs (6)
i=1 s i=1

The assumption is valid when there is observed remaining car capacity after the train
departs from a station.

2.3. Boarding car share model

Linear regression analysis is used due to its flexible formulation and interpretability to infer
the relations between several variables and passengers’ decision to board a specific train
car. Stepwise regression with backward elimination is a sequential method used to identify
the least possible number of determinants that have a significant impact on the share of
boarding passengers. The procedure starts with all the candidate independent variables in
the model, which are examined for multicollinearity. Considering a conservative 1% level of
significance, the least significant variable (i.e. the one with the largest p-value) is excluded
and the model is refitted iteratively. After termination, all the remaining determinants have
p-values smaller than 0.01.

3. Stockholm case study

The daily travel demand in Stockholm’s metro network is steadily increasing. On average,
more than 1,273,000 passengers board Stockholm metro trains daily (SL 2017). Key stations
and segments are confronted with overcrowding during the peak hours, while the passen-
ger load is often not evenly distributed among individual metro cars. On average, 80% of
the available seats are occupied during the highest peak of the morning rush hour (07:30
am-08:30am) (SL 2017).

The proposed analysis framework is applied to a case study for the southbound seg-
ment of the metro line 14 between Morby centrum and Tekniska Hogskolan. The segment
serves five metro stations: the terminus Mérby centrum (MOR), Danderyds sjukhus (DAS),
Bergshamra (BEH), Universitetet (UNT), and Tekniska hogskolan (TEH) (Figure 2). Two sta-
tions after TEH, the line joins a corridor shared with another line and serves 14 additional
stations. During the morning peak hour, the planned headway for the considered metro
line is 5 min.

3.1. Data

In order to apply the analysis framework in Section 2, several sets of data regarding passen-
ger loads, access points traveler flows, travel demand and station infrastructure, are used.
Passenger load data for each car unit are available for each southbound train trip at depar-
ture from each station during the morning rush period (6:00 am-9:00 am) on working days
in October 2016. The number of passengers in each car is estimated based on an average
weight of 78 kg per passenger including luggage. In total, 948 train load observations for
different train runs and stations are available during the analysis period. A full-length stan-
dard metro train in Stockholm consists of three cars (front, middle and rear). According to
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Figure 2. Map of the studied segment of the Stockholm metro network. Map source: OpenStreetMap.

the train manufacturer, the design capacity of a car unit is 126 seated passengers and 288
standees.

Passenger flow data in the Stockholm metro system are obtained through contactless
smart card transactions at the station, recording the date, the name of the access sta-
tion and the gate id. Incoming passenger counts at each entrance point of the station are
obtained through smart card transactions for the morning peak period for the same anal-
ysis period (6:00 am-9:00 am on working days in October 2016) and they are available for
15-min time intervals of the analysis period. It is assumed that the entering flow in a 15-min-
period is equally distributed between the three train arrivals during the same period. Since
metro users in Stockholm do not have to tap the smart card when they exit metro stations,
information about users’ exit station is not available.

Aggregate origin-destination travel demand data for the morning peak period at the
station-to-station level for the metro line are produced in the traffic assignment model
Visum, based on the official planning zonal OD matrix. These data are used to estimate the
average proportion of boarding to alighting passengers at each metro station.

Infrastructure characteristics, namely the layout of the platforms that serve the metro
trains heading south, specifying the available entrance/exit points on the platform as well
as the location of those, are available for the five selected metro stations (Figure 3). Mérby
centrum and Universitetet are the only stations that have a single entrance point, placed
in the middle and south part of the platform, respectively. The train stop location on the
platform is assumed to be at the middle of the platform.
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Figure 4. Average metro car occupancy for train trips upon departure from each station.

All considered stations have average boarding-to-alighting ratios xs larger than 1. To
be consistent with the analysis framework, observations with a negative passenger load
difference in at least one metro car are excluded.

3.2. Descriptive statistics

The average crowding level during the analysis period in each of the three metro cars of
the southbound train trips is illustrated in Figure 4. On average, between DAS and TEH the
front train car exhibits the highest passenger load in the morning rush hour, in particular
from 7:30am to 8:30 am. The south entrances of these four stations are located close to
popular bus terminals and the main campuses of KTH Royal Institute of Technology (TEH)
and Stockholm University (UNT), while many downstream stations have popular exits on
the southern end of the platform. Together, these factors create a significantly skewed dis-
tribution of passengers on-board the train. On average, 54.6% of the passengers entering
the selected stations, enter at the south station access points. At MOR, which has a single
access point, located close to the middle of the platform, the middle train car tends to have a
slightly higher crowding level. We observe that the on-board car occupancy does not reach
total car capacity in any of the available train trips, which validates the assumption made in
the proposed framework that no passengers are denied from boarding.

Figure 5 shows the estimated distribution of passengers boarding each metro car at the
studied metro stations during the analysis period. Uneven boarding passenger distribu-
tions, skewed towards the front cars, are observed at DAS, BEH, UNT and TEH. The average
boarding share of the front car is 51.1%, 41.3%, 55.9% and 51.3% for DAS, BEH, UNT and
TEH, respectively, during the analysis period. On average, 44.2% of the passengers at MOR
typically board the middle train car.

4. Results
4.1. Bivariate correlations

4.1.1. Impact of on-board crowding
The share of boarding passengers of each metro car is plotted against the car passenger
load of arriving train in Figures 6-8. The arriving train car load at station s is equal to the

train car passenger load at departure from station s—1, q;}”;ﬁ‘}“’d. It can be observed that
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Figure 5. Relative frequency distribution of passengers boarding each car at the studied metro stations.
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Figure 6. Share of passengers boarding (%) individual metro cars as a function of the arriving train front
car passenger load.

the boarding share of the front car decreases with the passenger load in the arriving train.
Conversely, forthe middle and rear cars, the share of boarding passengers seems to increase
for larger car passenger loads.

Crowding indicators are introduced to evaluate the impact of crowding in each car of the
arriving train. Based on the bivariate plots, the baseline assumption is that crowding above
a certain level has a significant effect on car choice and a threshold « is used to classify each
car into one of two categories: crowded and not crowded. The crowded train car variable
Cliis is

onboard onboard
Clic = Ajs—1 " — for Gjjs— >« 7
ijs = . (7)
0, otherwise

o,
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Figure 7. Share of passengers boarding (%) individual metro cars as a function of the arriving train
middle car passenger load.
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Figure 8. Share of passengers boarding (%) individual metro cars as a function of the arriving train rear
car passenger load.

and describes the excess passenger load on-board a crowded car of the arriving train. With
this indicator, the on-board passenger car load is assumed to have no impact on passen-
gers’ boarding choice when the arriving train car is not crowded. Several different crowding
thresholds have been evaluated and it is found that the model has the highest explanatory
power when the threshold is set to 90% of the seated capacity yise‘". For reference, on aver-
age 90% of the available seats of the studied metro line in Stockholm are occupied during
the highest peak of the morning rush hour (07:30-08:30 am) (SL 2017).

4.1.2. Impact of station layout and entering traveler flows

Figures 9 and 10 show the share of passengers boarding each metro car as a function of
the share of incoming passengers at the south and middle access point of the southbound
platform, respectively. MOR is the only station of the considered segment that has a sin-
gle access point at the middle of the platform; hence, the share of incoming passengers at
the middle platform entrance is either 100% for the observations at this station, or 0% for
the observations at the other stations. It is seen that for larger proportions of passengers
entering the southern platform entrance, the boarding share increases in the front car and
decreases in the middle and rear cars. As can be expected, the existence of an access point
at the middle of the platform leads to a higher boarding share for the middle car.
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Figure 9. Boxplots representing the share of passengers boarding (%) individual metro cars as a func-
tion of the share of incoming passenger counts at the south platform entrance.
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Figure 10. Boxplots representing the share of passengers boarding (%) individual metro cars as a
function of the share of incoming passenger counts at the middle platform entrance.

4.1.3. Impact of platform crowding
The crowding level on the platform affects on-board crowding. Many studies on public
transport crowding use the average area on the platform that is occupied by a pedestrian or
the average walking speed as on-platform crowding indicators. In this study, the total pas-
senger occupancy of the platform prior to the departure of the train is used as the platform
crowding measure. Figure 11 indicates the boarding share of each metro car as a function
of the number of passengers waiting on the platform. It can be observed that for the middle
car, the boarding share increases with the number of passengers waiting on the platform.
For the front and rear cars, the boarding share decreases with the platform crowding.
Descriptive statistics for all dependent and independent variables are provided in
Table 2. The average boarding passenger shares are skewed towards the front car. The mean
car passenger load in the arriving train is larger for the front car. However, there is consider-
able variation in car load, as shown by the minimum and maximum values. The percentages
of passengers entering at the south and middle platform access points are highly spread out
from the mean values of 54.62% and 20.25%, respectively.

4.2. Multiple regression analysis

To evaluate the combined impact of on-board and on-platform crowding as well as the
distribution of entering travelers at different platform access points on the boarding share
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Figure 11. Share of passengers boarding (%) individual metro cars as a function of the number of
passengers waiting on the platform.

Table 2. Descriptive statistics: dependent and inde-
pendent variables.

Mean St. Dev. Min Max

Dependent
phoerd 045 0.18 0 1
phogre 030 0.16 0 0.95
paoard 0.25 0.14 0 1

Independent
a5y 82 80 0 392
a3y 68 64 0 347
ey 51 52 0 390
Chjs 22 43 0 279
Chyjs 11 28 0 234
Chyjs 5 19 0 277
Pl (%) 54.62 34.90 0 100
P e (%) 20.25 40.21 0 100
ay" 114 80 3 498

of each train cari (i = 1, 2, 3), regression models

P,?f 9 = i+ B1, - Chjs + Pai - Clajs + B3, - Clajs + Bai - p,‘;’g;”jm
+ Bs,i - Pﬁ,-%gd,e + Be,i - q/'-/fait + &jjs (8)

are estimated using the backward elimination approach. Multicollinearity among the
explanatory variables has been tested and it is found that they are not highly
correlated.

Analysis results for Model |, presented in Table 3, show that the crowding indicator of the
front car is significant at the 5% level for the front and middle cars. The middle and rear car
crowding indicators do not have a statistically significant impact on passengers’ car choice.
The share of incoming flow at the south entry location is found to have a highly statistically
significant impact at the 1% level on the share of passengers boarding the front and rear
cars, while the boarding share of the middle car is affected at the 5% level (p—value = 0.03).
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Table 3. Regression results for the share of passengers boarding each metro car for models | and II.

Variable Estimate t-Statistic Estimate t-Statistic

Front car Intercept 38.09% 20.52** 37.96% 20.79**
Chyjs —0.05% —2.54* —0.08% —6.38**
Chyjs —0.04% —-1.17 - -
Cl3j3_ —0.06% —1.66 - -
pae . (%) 0.20% 7.98"* 0.19% 7.65*
Pimide (%) —0.06% —247* —0.07% —3.20%*
q;;““ —0.01% —1.44 - -
Observations 948 948
R? 0.243 0.235

Middle car Intercept 25.72% 16.38** 22.77% 28.49**
Chyjs 0.03% 2.18* 0.05% 4.90**
Chyjs 0.02% 0.94 - -
CI3j§ 0.03% 0.82 - -
prme (%) —0.05% —213* - -
Phmiete (%) 0.16% 8.43* 0.19% 16.64**
qj‘.’s"”” 0.02% 2.79** 0.02% 2.60**
Observations 948 948
R? 0.259 0.253

Rear car Intercept 36.19% 22.31%* 36.62% 23.77**
Chyjs 0.01% 0.80 - -
Chys 0.01% 043 - -
Clsjs 0.04% 1 - -
pe (%) —0.15% ~7.08"* —0.16% ~7.53"
pie e (%) —0.11% —533* —0.12% —6.46"*
q;;“’f —0.01% —1.05 - -
Observations 948 948
R? 0.066 0.057

*p < 0.01.

*p < 0.05.

The arriving passenger flow at the middle platform entrance is highly significant at the 1%
level for the middle and rear cars, while the front car boarding share is affected at the 5%
level. Model results indicate that the number of passengers waiting on the platform prior
to train departure does not have a significant effect for the front and rear cars (p—value >
0.05).

Insignificant determinants at the 1% significance level are sequentially excluded through
backward elimination, and the final regression model (Model Il) for each metro car
i(i=1,2,3)is

board arrive arrive
pijs = ai+ P11 Chjs + B2t - Pissouth T B3+ Pjs middie + €1Js

board arrive wait
pyjs =i+ B1,2 - Chjs + B2,2 * Pjs,middle + B32- qjs + &2 (9)

board arrive arrive
p3js = di +pi3- Pjs south + B3 - Pjs middie + €3s
Regression model Il yields the estimation results summarized in Table 3. The remaining vari-
ables have a measurable statistically significant effect on the car boarding share at the 1%
level. The residuals of the regression models are analyzed for violations of the regression
analysis assumptions and found to be normally distributed.
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Model Il results indicate that an increase of arriving train front car load by 1 unit, given
that the front car load exceeds the crowding threshold, when all the other determinants
remain unchanged, is associated with a 0.08% points decrease in the boarding share of
the front car and a 0.05% increase in the middle car boarding share. The share of travelers
entering the south entry point has a positive marginal effect, 0.19% points per passenger
share %, on the boarding share of the front car which is closer to the south platform access
point. The arriving flow at the middle platform entrance is found to increase the boarding
share of the middle car by 0.19% points per passenger share %. The estimated impact of the
on-platform crowding indicator on the boarding share of the middle car is 0.02% points,
indicating that for a larger number of waiting passengers on the platform, passengers tend
to walk to the middle of the platform.

The explanatory power of the models, described by R?, is relatively low. This is to be
expected since the model investigates travel behavior and does not include all the possible
relevant determinants to explain individual travelers’ car boarding choice.

To assert the robustness of the results, alternative model specification is also evaluated.
The passenger load factor PLFj; of car i of train j at station s

qgnlioard
5=l (10)

describes the capacity utilization of the arriving train and is used to represent on-board
crowding as an independent variable instead of the car crowding indicator Cljs. This spec-
ification assumes that on-board load affects passengers’ car choice even when train car is
not regarded crowded. Estimation with OLS indicate that PLFjs have a weak correlation with
the car boarding shares, implying that on-board crowding above a certain level, defined by
the threshold used in this study, has effect on the car boarding choice.

To evaluate the effect of the coefficient estimates of Model ll, the forecasted effect of
each independent variable of Model Il on the car boarding shares, holding all other deter-
minants unchanged and equal to the mean of the historical data, is examined. Figure 12(a)
indicates the impact of crowded front car variable Clyjs on the boarding share of individual
train cars. It is shown that the front and middle car boarding share is expected to change
by —0.08 % and 0.05%, respectively, if the crowded front car load of the arriving train
increases by 1 additional passenger. The share of passengers boarding a car is constant
and the crowded car variable has no effect on passengers’ boarding distribution in the train
when less than 90% of the seats are occupied. The effect of on-platform crowding, which
is found to be statistically significant at the 1% level for the middle car boarding share, is
shown in Figure 12(b). For each additional passenger waiting on the platform, the middle
car boarding share increases by 0.02%.

Figure 12(c,d) present the expected variation in car boarding shares as a function of the
proportion of entering flow at a platform entrance, if the rest of the determinants in Model
Il are constant, taking their average values. If the share of travelers entering at the south
platform entrance increases by 1%, the boarding shares of the front and rear cars change
by 0.19% and —0.16%, respectively. Similarly, the effect of the share of travelers entering at
the middle access point on the car boarding shares is shown in Figure 12(d). Front and rear
car boarding shares decrease by 0.07% and 0.12%, respectively, if the share of entering flow



TRANSPORTMETRICA A: TRANSPORT SCIENCE 545

Crowded front car indicator On-platform crowding

100 T 100 T T T

90 90+ 4
& sof 1 & sor —
@ @
g 70 1 g 70 1
c c
Q Q
2 60f 1 9 eof 1
© ©
Q Q
2 2 501 1
= =l
g g dor .
a a /
k) B 3oF ]
< e
© ©
& & 20t |

or 1 10 i

o . . . . . . . . 0 . . . . . . .
0 50 100 150 200 250 300 350 400 100 150 200 250 300 350 400 450 500
Arriving train front car load Waiting passengers
(@)

Entering flow at south entrance 100 Entering flow at middle entrance

——Front car| — Front car
90} Rear car |{ 90} —Middle car||
Rear car
80 1

80t 1
70t 1 & 7of 1
60t 1 2 eof 1
50t 4
40 /

30— 4

50 1
40>_<
30F 1

20 1

Share of boarding passengers (%)
Share of boarding passengers (%)

20 |

0 1 1 1 1 0 1
0 20 40 60 80 100 0 20 40 60 80 100

Share of incoming pass. at south (%) Share of incoming pass. at middle (%)

(©) d

Figure 12. Effect of (a) front crowded car indicator; (b) on-platform crowding; (c) entering traveler flow
at the south entrance point; (d) entering traveler flow at the middle entrance point; on passengers’ car
boarding choice.

at the middle platform entrance increases by 1%, while the boarding share of the middle
train car increases by 0.19%.

4.3. Application illustration

The contribution of the proposed methodology in reducing crowding cost of metro pas-
sengers is demonstrated for the most crowded train trip at Danderyds sjukhus (DAS) where
the empirical passenger load distribution is highly skewed towards the front car. Model Il
is used to assess passenger boarding distribution and car passenger load upon departure
from the station for three scenarios:

(1) Base scenario, where the on-board crowding distribution is calculated based on the
current entering flow distribution between the existing access points.

(2) Even entering distribution scenario, where the on-board crowding distribution is calcu-
lated assuming even entering flow distribution between the existing access points.
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Figure 13. Car passenger load at departure from Danderyds sjukhus for three scenarios.

(3) Infrastructure intervention scenario, where a physical layout change is considered at
DAS, which has two access points located at the two ends of the platform. The southern
entrance is replaced by an access point located close to the middle of the platform and
the entering flow is assumed to be equally distributed between the two entrances.

Figure 13 presents the calculated passenger load distribution in individual cars of the
train after it departs from DAS for the three scenarios. The proposed methodology suggests
a significant improvement in reducing crowding unevenness on-board the train caused
by the proposed interventions. The rearrangement of the station access points is found
to have the largest effect on passengers’ car boarding choice, leading to highly even load
distribution in the train upon departure.

5. Conclusion

In this study, we propose a methodology based on a combination of automated data
sources to evaluate the effects of on-board and on-platform crowding, as well as the distri-
bution of entering traveler flow among the platform access points, on passengers’ boarding
behavior and their distribution across the metro train. An application of the methodology
is carried out for a sequence of stations along metro line 14 in Stockholm, where a highly
skewed passenger distribution is observed. Automated passenger load data, involving the
trips over a one-month period, and aggregate automated fare collection data for the same
period are utilized.

On average, train car loads at the studied stations are highly skewed towards the leading
cars. Analysis results show that the shares of incoming passengers at the south and middle
platform access points increase the share of boarding passengers in the front and middle
car, respectively. These findings suggest that the share of incoming passengers at an access
point positively affects the boarding share of the closest car, implying that passengers aim
to minimize the walking distance at the origin station.
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Further, above a certain crowding threshold, the passenger load on-board the front car
of the arriving train has a negative statistically significant impact on the boarding share of
the front car and a positive impact on the middle car boarding share, which implies that
some passengers are willing to increase walking distance to experience lower in-vehicle
crowding. Platform congestion, given by the number of waiting passengers prior to train
departure, is observed to have a positive statistically significant impact on the boarding
share of the middle train car. This suggests that passengers choose to wait at the middle
section of the platform to minimize discomfort or in anticipation of high on-board crowd-
ing. As a result, the passenger distribution between cars tends to be less uneven in higher
on-platform crowding situations.

Evaluating the effect of each determinant of the selected model on the car boarding
shares, assuming that the other determinants take the average values, it is found that the
effect of the passenger load in the crowded front car of the arriving train is larger on the
boarding share of the leading car and equal to —0.08% per additional passenger for an
already crowded front car. An increase in the proportion of entering flow at a platform
access point by 1% is found to have an effect on the boarding share of the closest car of
around 0.2%.

The analysis conducted in this study is limited to factors that affect the car boarding
choice related to passengers’ origin location, since smart-card tap-outs are not available for
metro users in Stockholm. As a result, passengers’ travel behavior at their destination sta-
tion could not be analyzed. Smart-card tap-ins are used in Munizaga and Palma (2012) to
observe boarding sequences, estimate the destination stop and build OD matrices. Informa-
tion about passengers’ destination stop, in-vehicle travel time, waiting time on the platform
prior to train arrival as well as the walking distance of each passenger is expected to explain
some of the variability in car boarding choice which hitherto remains unexplained. Xie and
Leurent (2017) related the tap-in and tap-out times obtained from smart-card transactions
to estimate the walking speed, walking time within a station and waiting time of individ-
ual passengers. Further, this study estimates the number of boarding passengers from net
load differences and aggregated station-level demand patterns, which will tend to under-
estimate the impacts of the studied variables on car boarding choice. Data on the observed
number of boarding passengers are expected to reveal stronger impacts of the studied vari-
ables. Moreover, passengers that are denied from boarding due to capacity constraints or
choose not to board are not taken into account in this study. Observed data about passen-
ger’s waiting position on the platform, would be insightful for handling denied boarding,
explaining the relationship between passenger distribution on the platform and inside the
vehicle as well as for investigating passenger’s behavior before and after the arrival of the
train.

The proposed methodology is useful for metro operators to understand the uneven pas-
senger distribution across the train and increase the utilization of the train capacity, thereby
reducing the operating costs through infrastructure investments or operational changes.
Infrastructure interventions, such as re-planning of the station layout and rearrangement of
the location of entrances, or operational interventions, such as implementation of real-time
information systems informing passengers about the crowding level across the platform
and in the arriving train, could reduce the unevenness of car crowding. Experienced pas-
sengers make car boarding decisions considering the trade-off between walking distance
and crowding, that can be expected to be based on passengers’ prior route experience.
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Such passengers may update the car boarding choice if real-time crowding information is
available, since crowding varies over time and days. Furthermore, occasional inexperienced
users, having no prior knowledge about the station infrastructure characteristics or route
crowding, are expected to adjust their car choice according to the real-time information
system on the on-board and platform crowding level.

The variables used to explain the car boarding choice in this study are general and the
proposed methodology could be applied to other stations and cities if the same type of
data are available and the same assumptions can be made. The study results could be
generalized by studying other metro transit locations with different demand level and
infrastructure characteristics to enable transferability of the proposed model. In future
work, the estimated outgoing traveler flow at individual platform access points could be
used to analyze the alighting share of individual cars and examine other factors related to
passengers’ destination stop that might affect passengers’ boarding decision. Moreover, to
increase the generality of the proposed framework, further research is required to handle
denied boarding and increase the applicability of the model.
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