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Abstract

:

The platform–train interface (PTI) is one of the most complex spaces in metro stations. At the PTI, the interaction of boarding and alighting causes a high number of passengers to be present, affecting the boarding and alighting time, among other variables related to safety and efficiency. This research was performed to develop a multidimensional level of service for passengers by means of observing existing stations. The methodology included five dimensions of the level of service (passenger behaviour, train design, passenger characteristics, train operation, and platform built environment), and detection techniques based on a tracking system. The stations are operating urban services in Valparaiso Metro (Chile). The results show that there is a relationship between the speed of passengers and the detected passengers, among other variables. In addition, the dispersion of passengers is analysed at the PTI. Further research will include other types of stations and conditions.
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1. Introduction


In developing cities such as Valparaiso (Chile), metro stations are reaching a high level of interaction, generating an increase in the density in spaces such as platforms or inside the train [1]. Similarly, in other developed cities such as London (UK), more than 3 billion interactions happen each year in the railway system due to the high congestion in the boarding and alighting process [2]. The high interaction of passengers in the boarding and alighting process affects the efficiency and safety of the whole system. For instance, if the number of passengers increases, then the boarding and alighting time goes up, impacting the level of service, especially the capacity of the station [3].



The most complex space in metro stations is the platform–train interface [4,5], in which the interaction between passengers is affected by the formation of flow lanes, the distance between passengers, and their distribution, among other variables affecting the level of service in the boarding and alighting process. As shown in Figure 1a, passengers interact with other passengers who are waiting to board the train on the platform. Similarly, passengers interact with the train design and platform built environment (e.g., trash bins, ramps, yellow safety line, seats, handrails, train doors) (see Figure 1b).



To study the interaction between passengers, the level of service can be used, which is based on variables such as flow, density, and speed of passengers [6]. The level of service, referred to as LOS, can be analysed in walkways, stairs, and queue areas. The LOS is used as an indicator to determine the congestion at the platform–train interface. Although this indicator is commonly used, differences are presented in the LOS according to the type of passenger, culture, and other factors [7,8], and therefore, it is necessary to study the flow, density, and speed from the perspective of passengers and their experience, which is more representative of the interaction of passengers at the platform–train interface than the average or overall values of the LOS [9,10].



To solve the above problem, detection techniques have been developed to identify each passenger, and therefore to identify where and how passengers are moving on the platform or inside the train [11,12]. Therefore, the detection techniques allow us to identify the level of service by determining variables such as flow, density, and speed from the perspective of passengers and their experience, which is the aim of this study, focused on overground metro stations. For this, it is necessary to identify the variables that affect the level of service inside the train or on the platform in metro stations. To do so, detection techniques through video cameras were used to measure the number of passengers and their characteristics (e.g., height). Through this, we analyse the relationship between variables, and identify if there are significant differences between them that may affect the efficiency and safety of metro systems.



The present paper is structured into five sections. The second section describes the existing studies related to the level of service in metro stations, followed by the method based on detection techniques (Section 3). In Section 4, the results are analysed, and a discussion and conclusion are presented in Section 5.




2. Existing Studies Related to the Level of Service in Metro Stations


The level of service of pedestrians has been studied for the last 50 years. The first studies [13,14] were conducted by observations such as videos or photographs in which pedestrians were represented as fluids or particles. This type of representation is called macroscopic, in which pedestrians are analysed in a global view by three main variables: speed, density, and flow. Therefore, this representation is simple to use for standards and it culminates in a graphical representation of the results such as videos, tables, and maps.



Fruin [6] defines 1.43 m/s (5.15 km/h) as the free-flow speed of a pedestrian when there is a unidirectional flow and 1.36 m/s (4.9 km/h) when there is a bidirectional flow. In addition, the author states that the average speed of pedestrians is directly related to the free-flow speed and the density, which is defined as the ratio between pedestrians and the total area. Since then, different studies have been conducted to analyse the walking speed of pedestrians and its relationship to density. All these studies have been compared to the well-known relation between walking speed and density proposed by Weidmann (1993) [15], where the jam density reached a value of 5.4 passengers/m2. The free-flow speed for pedestrians is defined as 1.34 m/s. However, this free-flow speed can vary among types of pedestrians. For example, shoppers have a free-flow speed of 1.04 m/s, commuters 1.45 m/s, and tourists 0.99 m/s.



Another study of bidirectional corridors at Hong Kong MTR stations presented a walking speed at free flow of 1.37 m/s and 0.61 m/s at capacity [16]. The authors compared these values to bidirectional corridors in London Underground (LU) stations, in which the walking speed at capacity was 0.6 m/s. Moreover, Jelić et al. [17] calculated instantaneous Fundamental Diagrams, in which the instantaneous density is defined as the inverse of the spatial headway (number of passengers/m) and the instantaneous velocity is a function of the headway. The authors found that pedestrians avoid other pedestrians and they adapt their speed to the following pedestrian. As a summary, Daamen et al. [18] reported Fundamental Diagrams based on three main variables: speed, density, and flow. Fundamental Diagrams are important tools to evaluate if a space such as the train and the platform in metro stations are congested [19].



In relation to density and speed, Daamen et al. [18] reported that if the density increases, then the speed will decrease almost linearly. However, this type of linearity is not produced for the flow. This variable (flow) is defined as the ratio between the number of pedestrians and time per metre of section. For instance, if we look at Fruin’s curves, it can be seen that if the density increases, the flow will also increase to its capacity, which is reached at approximately 1.3 passengers/m-s. At this point, the density is almost 2.0 passengers/m2. This value of density generates two new zones: zone 1 (unsaturated) and zone 2 (oversaturated). These new zones are related to the concept of saturation flow, which is defined as the flow divided by the capacity.



Another example of a macroscopic method is the use of Fruin′s level of service or LOS, which indicates the degree of congestion and conflict in an area (flat areas, queues, or stairs) using general parameters such as speed, density, or flow. As reported by Feng et al. [20], Fruin studied the behaviour of passengers in existing stations, in which the objective of the LOS was to obtain the capacity of a path. If the space is reduced, then the flow will reach capacity and then passengers’ movement will be reduced. The author considered two different types of pedestrians: commuters and shoppers. As a result of the observations, the LOS was classified into different levels. For example, the LOS in walkways goes from Level A (free flow with no conflicts) to Level F (critical density, sporadic flow, frequent stops and physical contact), where Level E is equal to capacity. The LOS can be obtained similarly in waiting areas and stairs. In other words, with the LOS, any macroscopic representation will only need the number of pedestrians to determine what space (e.g., width of platform) is needed [21,22].



The LOS is an important tool to identify problems of congestion in walkways, waiting areas, and stairs. However, the LOS is based on a global view or macroscopic, in which the flow of pedestrians is understood as “fluid dynamics”, i.e., pedestrians are analysed only by physical variables already explained before (speed, density, and flow). Moreover, some authors [23] state that pedestrians are not like fluids, and they must be analysed by taking into consideration each individual’s characteristics and preferences, because individual pedestrians can overtake (pass each other), be stuck in a bottleneck, or move in different directions.



With respect to density in metro stations, it seems that using general values of densities (overall number of passengers in a physical space such as a platform) is not the ideal way to measure the interaction between passengers. According to Banerjee et al. [24], it is necessary to identify where and how passengers are moving in these spaces to better analyse the interaction between them. Moreover, an interaction index could represent the level of service in metro stations which could be divided into different locations such as exits, stairways, corridors, and open areas [25]. According to [26], the headway of trains and the location of the ticket purchase affect the volume of passengers, and therefore the level of service. In the case of the Shangai metro system, ref. [27] measured the speed and flow in walkways and stairways, which was affected by the space used by passengers. Other studies [28] obtained the speed, walking time, flow, and density of passengers, taking the Swiss Federal Railway as a case study. Recent studies [29] have shown the use of online data to study the level of service in metro stations. In [30,31], the authors studied boarding and alighting behaviour, and their effect on the dwell time, in which passengers boarding while alighting was in process affected the level of service of passengers. According to [32], the interior of the train layout (e.g., handrails or seats) may affect the number of touches as well as the density inside the train (e.g., crowding), which is related to the level of service. Similarly, the seat layout inside the train carriage may affect capacity, and therefore the level of service [33].



Despite the relevant research reported in the literature, there is a lack of studies related to metro stations in the context of developing cities such as Valparaíso, in which the level of service should be analysed according to the passengers’ characteristics and perspectives.




3. Method


3.1. Metro Stations in Valparaíso


To study the level of service, a sample of videos was recorded in Estación Francia, which is a very busy overground station in the network representing more than 4 passengers per square metre in the peak hour. This study is focused on urban services in the coastline of Valparaíso (from Puerto station to Chorrillos station). It is important to highlight that Francia Station was chosen as a case study due to the high level of demand, reaching almost 1 million passengers per year. The network reaches more than 20 million trips per year, considering 20 stations in 42 km from the coast to the countryside in Valparaiso, Chile [1] (see Figure 2).



The train in Valparaiso Metro is an Alstom model, 46 m long by 3 m wide. The capacity is equal to 376 passengers, assuming that all seats are occupied and the density is equal to 4 passengers/m2. The layout is composed of 12 train doors, 104 seats, vertical/horizontal handrails, a corridor, and a central hall in front of each train door (see Figure 3).



The platform at the observed station is 142 m long by 3 m wide. In addition, bins and benches are used at the border of the platform. As an example, Figure 4 shows the layout of the platform at Estación Francia.




3.2. Observations inside the Train and on the Platform


The observations were carried out during August and October 2023 at the peak hour (7:00 a.m. to 8:00 a.m.). The cameras were located on the ceiling of the platform station and inside the train at the end of the train carriage. In the Francia Station, passengers were mostly students and commuters who regularly used the metro system in Valparaíso. Most students use the metro system from or to different universities (i.e., they use backpacks), which is closer to the Francia Station. Inside the train, three spaces were defined:




	
Seats.



	
Central hall (in front of the train doors).



	
Corridors.








To count the number of passengers inside the train and on the platform, a tracking tool based on Yolo codes was used [12]. For this, the cameras were calibrated using some virtual points. The calibration points were chosen based on the area of analysis. As an example, in Figure 5, points 16-18-19-20-15 represent a group of 3 seats, while points 6-17-16-13-12-9-8-7 represent the central hall in front of the train doors. The corridor is represented by points 13-14-23-20-15-16. If a passenger is detected within those points (shown in a blue rectangle), then this passenger is located in the corresponding areas inside the train and their trajectory is registered (shown in a blue line).



Cameras were located on the ceiling at the end of the train carriage (inside the train). Therefore, 6 seats were detected (seats in groups of 3 represented 0.66 m2), one central hall of 2.6 m wide by 2.0 m long (5.2 m2), and one corridor of 0.90 m wide by 3.2 m long (2.88 m2).



Figure 6 shows the calibration points needed at the platform before using the detection tool. For instance, passengers could be walking next to the benches or bins (or closer to the edge of the platform), which may affect the level of service. Cameras were located at a 4 m height just next to the shelter on the platform (see Figure 6).



Cameras on the platform and inside the train used a continuous time lapse. It is important to highlight that 5–20 frames per second (fps) were registered as an output of the video cameras. In the case of the train, a Gopro camera was used (GoPro, Inc., San Mateo, CA, USA), while a stationary security camera was used on the platform.




3.3. Tracking Technique


Detection and tracking are implemented with the algorithm YOLOv7 (2024) [34], an open-source software, consisting of an arrangement of convolutional neural networks, trained to detect objects, based on the public dataset MS COCO [35]. Images from a video are fed into it, returning bounding boxes and tracking information of persons and trains. The software is able to assign an identification number to different persons and keep them until they disappear from the scene. Bounding boxes are characterised by four vertices, defined in pixels, from where the precise location of the object can be defined. One approach to perform analysis such as location, speed, or other statistics is to declare the location of the object in a single point. One approach is to select the middle point between the two lower vertices, and others could be the centroid, or middle point between the upper vertices.



Data delivered by YOLO are then processed to obtain specific information about the passengers or trains. A smoothing preprocessing step is advisable to reduce slight variations in the bounding box coordinates. Based on [36], a Kalman filter is applied to the position coordinates to obtain smoothed position and speed, which also allows for gaps in the data to be filled with estimated data when a person leaves the frame for a few sample times.



An important processing step consists of determining the number of passengers in different sectors of the station in real time. This is obtained by defining sectors of interest, such as platforms, rails, and crossings, in the images before running the YOLO algorithm. As the camera remains in a static position, this is conducted just once, manually or automatically, and returns the fixed pixel coordinates of all sectors. Then, during operation, a logic based on geometry and trigonometry is used to determine the presence of all detected persons in each of the sectors, which in turn allows us to keep a counting number. This is very useful to provide station managers and safety people with quick information on the accumulated number of persons and whether or not it could surpass a given threshold. Therefore, the LOS was used as an indicator to identify the congestion and conflicts on the platform or inside the train carriage. The inputs used to determine the LOS were based on the speed and the number of passengers detected. These variables were obtained from the new model defined in the Results section using video cameras (see Figure 7).





4. Results


4.1. Descriptive Analysis


Figure 8 shows the variation in the number of passengers in the central hall, while Figure 9 shows the variation in the number of passengers in the corridor observed. In both figures, more than 30 thousand frames were analysed from Puerto Station to Chorrillos Station (and vice versa). Results from the detection inside the train show that in most cases, passengers preferred to be seated rather than standing in the central hall or corridors. This is noted by the fact that on average, the occupation of seats reached 83%. This may be due to passengers preferring to be comfortable inside the train, which is in concordance with our previous study [33]. In addition, the maximum number of passengers registered in the corridors was equal to 4 (1.4 passengers/m2), which is considered low compared to the maximum number of passengers in the central hall, in which 13 passengers were reached (2.5 passengers/m2). According to the same study [33], in urban services, passengers prefer to stay closer to the train doors rather than along the train.



With respect to the platform, Figure 10 shows a histogram of the speed of passengers at the Francia Station. In this station, the analysis was focused on passengers who alighted from the train and walked along the platform to exit the station. It was found that a higher speed of passengers was reached at the end of the peak hour compared to the beginning of the peak hour. This may be caused by the fact that passengers could be late to reach their destination (e.g., workplace or university around Francia Station). On average, at the beginning of the peak hour (7:00–7:20 h), the speed reached 0.47 m/s (standard deviation of 0.57 m/s), while at the end of the peak hour, the speed registered a value of 1.12 m/s (standard deviation of 0.55 m/s). In total, more than 30 thousand frames were analysed (see Figure 11). It is important to consider that the moment of time is referred to as the frames obtained from the video cameras (5–20 fps).



Variables such as the height of passengers could be obtained, and therefore, the characteristics of users could be analysed in metro stations, considering the impact on their speed, and therefore on the level of service on the platform. Figure 12 shows the histogram of the height of passengers, reaching a median of 1.64 m, which is closer to the average height of the Chilean population. However, passengers could be classified into two main groups. For instance, if a passenger is 1.2 m in height or less, this passenger would be considered to represent a child (e.g., less than 7 years old on average according to the WHO (World Health Organization (https://www.who.int/tools/growth-reference-data-for-5to19-years/indicators/height-for-age, accessed on 14 July 2024)), while if the height is greater than 1.2 m, then this passenger is an adult. This classification is in concordance with recent studies based on laboratory experiments and field observations in metro stations [5,33,36]. If this classification is considered, then most passengers during the peak hour are registered as adults.




4.2. Regression Model Analysis


For the regression model, a least square regression model was applied with the support of the software Eviews 12. The analysis is focused on the dynamics of passengers on the platform of the Francia metro station. The structure of the model (Equation (1)) is based on the following dependent and independent variables, which are described in Table 1:




	
Speed: dependent;



	
Dispersion: independent;



	
Type of passenger: independent;



	
Platform features: independent;



	
Detected passengers: independent.










Speed = β0 + β1⋅Dispersion + β2⋅Type of Passenger + β3⋅Platform Features +

β4⋅Detected Passengers + ϵ



(1)




where β0 is the constant. β1, β2, β3, and β4 are the coefficients representing the impact of each independent variable on speed, and ϵ is the error term.



The development of the model is based on the idea that speed is an important variable within the level of service context. Therefore, this model is applied with the objective of understanding the effect of passengers’ behaviour and characteristics, in addition to platform features, on the speed of passengers.



Table 2 shows the results of the regression model. It is possible to observe that during the first period (7:00–7:20), platform features negatively affect the speed of passengers, while type of passengers, detected passengers, and dispersion positively affect the speed of passengers. In the second period (7:20–7:40), platform features, detected passengers, and dispersion presented a positive effect on speed, while the type of passenger had a negative effect. The third period (7:40–8:00) presented a pattern of the effect of variables on speed similar to the first period, with the exception of dispersion, which presented a negative effect on speed.



In general, there is one variable, detected passengers, that maintains a similar effect pattern on the speed of passengers in all periods. The variable of detected passengers indicates that there may be some effect of crowded conditions in the station on speed, meaning that the platform design could be inducing the passengers, even in crowded situations, to exit or enter the platform or the train in an organised manner. The variable platform features show a negative effect on speed in most cases. Regarding the type of passengers, it indicates that, possibly, adults tend to have a higher speed. Concerning the dispersion, as expected, if passengers are more distant from one another, the speed of passengers increases.



It is important to highlight that the Francia metro station’s operational context presents external factors that may also have an impact on the speed of passengers that were not considered in this analysis and may be affecting the results. For example, it is an open station (without a full rooftop), exposed to climate variations, and for passengers to enter or exit the considered platform, they have to cross over the metro line and wait for the level crossing gate to open, allowing them to exit and safely enter the platform.



As a result of this regression model, five dimensions are proposed to study the level of service using a multidimensional approach (see Figure 13 and Table 1), which are in concordance with the level of service reported in the literature [6,7].





5. Conclusions


In this study, the level of service was analysed based on a multidimensional approach taking the metro system in Valparaíso, Chile, as a case study. This multidimensional approach included a model composed of five dimensions: passenger behaviour, train design, passenger characteristics, train operation, and platform built environment.



Inside the train, it can be observed that seats are occupied most of the time (occupation of 83%). The corridors had a lower number of passengers detected compared to the central hall, which could be related to the type of service in Valparaiso Metro. For instance, passengers in urban services prefer to stay closer to the train doors rather than stay along the length of the train (e.g., corridors).



With respect to the platform, it was found that the speed of passengers is a relevant variable that varies according to the moment of time observed, reaching a value on average between 0.47 and 1.12 m/s. This variable is affected by other variables according to other dimensions presented in the model such as the height of passengers, the number of passengers around (e.g., crowding level), and features around the platform, among others.



From the model, some important results are obtained. Passengers are affected by other passengers around them. In addition, adult passengers have a higher speed compared to children (defined as passengers with a height of less than 1.2 m). An interesting variable is the dispersion of passengers, which is related to the speed of passengers. For instance, if the standard deviation of the distance between passengers increases (i.e., higher dispersion is obtained), then the speed of passengers is increased at the platform; however, when the number of passengers detected on the platform increases, the dispersion negatively affects the speed of passengers. The new model may allow practitioners and researchers to expand the level of service reported in the literature [6,7], which is mainly based on the speed, density, and flow of passengers. This study opens the opportunity to analyse the level of service from different dimensions, including different views and perspectives in a multidimensional approach, which could be then used for railway management. Although this approach is focused on urban services, this study could be expanded to other railway systems such as interurban services or rural services. In addition, other stations and times of day could be considered in further studies to compare the level of service in different conditions (e.g., underground vs. overground stations or peak hour vs. off-peak hour). With respect to the area of analysis, this pilot study considered one carriage, six seats, and one hall plus a corridor. This area will be then expanded in further studies to consider other conditions inside the train.
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Figure 1. Platform–train interface in Valparaiso Metro: (a) platform; (b) inside the train. 
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Figure 2. Network in Valparaiso Metro. 
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Figure 3. Train layout in Valparaiso Metro (Xtrapolis modular) and area captured by the camera used inside the carriage. 
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Figure 4. Platform section in Estación Francia, Valparaiso Metro. 
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Figure 5. Calibration points inside the train using the cameras in Valparaiso Metro. 
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Figure 6. Calibration points on the platform using the cameras in Valparaiso Metro. 
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Figure 7. Sequence used to track passengers on the platform and inside the train. 
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Figure 8. Variation in the number of passengers detected in the central hall inside the train carriage. 
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Figure 9. Variation in the number of passengers detected in the corridor inside the train carriage. 
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Figure 10. Speed histogram considering the number of frames in which passengers are observed walking on the platform at Francia Station in the beginning (a) and the end (b) of the peak hour. 
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Figure 11. Passengers detected on the platform in Francia Station at the beginning (a) and the end (b) of the peak hour. 
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Figure 12. Height histogram considering the number of frames in which passengers are observed walking on the platform at Francia Station in the middle of the peak hour (7:20–7:40 a.m.). 
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Figure 13. Level of service based on a multidimensional approach. 
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Table 1. Description of variables in the proposed multidimensional level of service.
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Dimension

	
Variable

	
Description






	
1. Passenger behaviour

	
Detected passengers

	
Number of passengers detected




	
Speed

	
Component in x-axis and y-axis, which then is obtained by the absolute value (i.e., not the vector) (m/s)




	
Dispersion

	
Standard deviation of the average distance between passengers (m)




	
2. Train design

	
Seats, corridors, and central halls

	
Number, type, and dimensions




	
3. Passenger characteristics

	
Type of passenger

	
e.g., children or adults




	

	
Height

	
Height per passenger in each detection (m)




	
4. Train operation

	
Moment of the day

	
e.g., peak hour




	

	
Train arrival

	
e.g., presence of the train at the platform




	
5. Platform built environment

	
Platform location

	
e.g., inbound or outbound




	

	
Platform features

	
e.g., benches and bins











 





Table 2. Results of the least square regression model.
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	Independent Variables
	Coefficient

(7:00 a.m.–7:20 a.m.)
	Coefficient

(7:20 a.m.–7:40 a.m.)
	Coefficient

(7:40 a.m.–8:00 a.m.)





	Platform features
	−0.170051 ***
	0.020419 ***
	−0.351792 ***



	Type of passenger
	0.186987 ***
	−0.109071 ***
	0.400202 ***



	Detected passengers
	0.046950 ***
	0.009448 ***
	0.018714 ***



	Dispersion
	0.136052 ***
	0.003626 *
	−0.232739 ***



	Constant
	−0.034553
	0.117472 ***
	0.755561 ***



	R-squared
	0.477861
	0.097675
	0.09881







Prob.: *** < 0.001; ** < 0.005; * < or = 0.010.
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