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Abstract


Featured Application


This paper proposes a novel approach to examine the rationality of the current exit design (width) on typical high-speed railway platforms in China to improve passenger safety. The empirical analysis based on real data offers valuable insights and practical suggestions to redesign and improve the features of high-speed railway platforms.




Abstract


There are several accidents in China’s high-speed railways where passengers fall off the platform every year. In response to the risks of falling off high-speed railway platforms associated with passenger overcrowding, this study explores the platform exit width range in determining how to reduce the risk. In order to quantify the risk, we first define the risk probability to measure the likelihood of passengers falling off the platform. Then, we propose an integrated model that combines the passenger flow assignment with a dynamic calculation of passenger flow. This methodology addresses the passenger flow assignment through modeling passenger choices based on path utilities and determines an interpretable exit width range that ensures safe, non-congested evacuation within the designated timeframe. Empirical analysis reveals that the ranges of exit width and achieving different aims of risk probabilities are negatively correlated. The current exit width of 6 m on high-speed railway platforms is insufficient. Our results recommend expanding this width to between 6.43 and 7.01 m to facilitate more efficient passenger exits under normal operating conditions (risk probability of 10%). This adjustment potentially reduces the required investment in surveillance equipment by 77.7% and halves the monetary costs, thereby encouraging railway managers to implement these recommendations. Due to being restricted by a fixed platform width of 10 m, the limitation of optimizing the exit width aims to allow about 2770 passengers at most to leave the platform within the specified travel time.
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1. Introduction


1.1. Background


High-speed railways provide swift and comfortable travel experiences that are highly valued by passengers. Nonetheless, when passengers arrive at their destination and disembark, it is the most stressful time for station managers. Based on the feedback from these station managers with years of operational experience, we believe that the limited platforms and narrow exits necessitate that passengers efficiently navigate the station within a specified timeframe, resulting in a buildup of congestion on the platform. This congestion heightens the risk of passengers falling from the platform; the denser the crowd, the greater the likelihood of such incidents [1,2]. Therefore, the aim of our research question is to address the issue by optimizing the current exit width to reduce congestion and the risk of falling off the platform. The optimized exit width range can ensure that the disembarking passengers complete their exit process within the designated timeframe, which means safe, non-congested evacuation.



As illustrated in Figure 1, which depicts a typical high-speed rail platform layout, the exit process unfolds as follows: Upon the train’s arrival, passengers get off the train and proceed from points A1, A2, B1, B2, C1, and C2 in the direction of the red arrows, converging at the designated purple points A, B, and C. Subsequently, passengers move from points A, B, and C along the red arrows to eventually go through exits D or E, thus completing their disembarkation. In this process, the unidirectional nature of the exits requires passengers from points A and C to first reach point B before they can continue towards exits D or E.



Due to the monitoring areas in Figure 1 being adjacent to the tracks, the likelihood of passengers falling onto the tracks is significantly increased upon entry. Thus, the monitored areas are the hazardous zones. Generally, out of instinct to avoid danger, passengers are aware that the monitored zones are hazardous and tend to avoid them deliberately. However, during peak travel times, the narrow exits can lead to congestion at point B, potentially forcing passengers into the monitored areas and thus increasing the risk of falls. Consequently, surveillance cameras are essential in these areas to ascertain when passengers cross into them. Relying solely on video surveillance as a preventative measure against falls is very costly, and reducing this cost is a primary concern for station managers.



In addition, it can be found that simply widening the exits will shrink the bottleneck areas. These narrow bottlenecks can also cause congestion that forces passengers to fall down onto the tracks from bottleneck areas. Therefore, blindly expanding exits is not feasible (infinitely increasing the exit width is not allowed). On the basis of the above introductions, we believe that a feasible key point to improving passenger safety on the platforms in a real application is to redesign the defective exit configurations, especially the width. In other words, we should determine a fully demonstrated width for exits on a typical platform.



The process of passengers exiting the platform can be viewed as a problem of passenger flow assignment on paths based on individual microscopic choices, while the goal of completing the non-emergency evacuation within the designated timeframe to alleviate congestion requires estimating the travel time under combinations of paths and periods. Thus, determining how to identify the characteristics of passenger flow assignment on the platforms and construct a mathematical function with density, speed, and flow to accurately calculate the total travel time are the major challenges in this paper.



This paper proceeds as follows: Section 1 lists the research background and research aim, highlighting our contributions through a literature comparison. Section 2 constructs the mathematical model formulation. Section 3 provides the algorithms to solve the model. Section 4 shows the numerical experiments. Section 5 concludes this paper.




1.2. Literature Review


For a railway platform, exit width, exit location, and bottleneck size are considered the three major features affecting the total travel time of passengers (pedestrians) [3,4] and indirectly determining their safety. On the other hand, pedestrian dynamics is a major paradigm to address issues such as path choice and passenger flow assignment. Hence, we mainly conduct a literature review based on these two aspects.



1.2.1. Exit Width, Exit Location, and Bottleneck


Discussions on exit width and exit location regularly appear in the form of its influence on evacuation time in emergency evacuation issues. The authors of [5] emphasized that four influencing factors, that is, total evacuation distance, evacuation speed, width of exits, and personnel density, could heavily impact the total spending time. The authors of [6] considered factors including the spatial distance, occupant density, and exit width to solve the problem of multiple exit choices for pedestrians. Some scholars have provided a similar conclusion in that modifying individual speeds and the average minimum width of the stairs could potentially reduce the overall evacuation time by 50% [7].



Furthermore, some works have investigated how to obtain the optimal exit width under a given constraint of evacuation time. The authors of [8] presented a method of computing the optimal width of exits to improve the safety of pedestrian evacuation and the utilization efficiency of emergency exits in pedestrian walking facilities. The authors of [9] paid attention to the phenomenon called the faster-is-slower (FIS) effect though implementing experiments. They found that the FIS effect could be effectively prevented when the width of an exit is twice the size of the particles. The authors of [10] proposed a two-dimensional Cellular Automata (CA) model to simulate the exit evacuation dynamics and state that the total flux of an exit is an increasing nonlinear function of exit width, which can be used to calculate the optimal exit width. The authors of [11] considered the issue of exit width in scenarios with obstacles. The sensitivity analysis of various variables indicates that the distance between the obstacle and the exit, the obstacle size, and the exit width are three key factors. The evacuation effect is optimal when they equal to 1.25:1:1 under the 30-degree corner exit. The authors of [12] discussed different exit widths and found that the evacuation time decreases with an increase in exit width, and it tends to be stable when all exits have a width of 2.5 m. The authors of [13] analyzed four size-related parameters of convex exit, namely, the width of the bottleneck at passage, the passage size, the passage length, and the exit width, to determine the optimum design of the convex exit.



Additionally, the exit location can also affect the total evacuation (travel) time. The authors of [14] aimed to present new software that provides all possible combinations of optimization for the exit door location. The authors of [15] believed that the number of evacuees differs for different functional spaces, resulting in uneven distributions of evacuees in the building plan. Thus, they proposed a design optimization method for exit locations based on BIM and ontology to provide exit location redesign plans to make the evacuation time shorter. The authors of [16] established an Artificial Bee Colony (ABC) optimization algorithm based on the stochastic method to find the optimal locations of the exit doors. This method overcomes the main limitation of the tedious process of handling multi-room problems and more complex room arrangements. The authors of [17] emphasized the relationship between the optimal value of f and building size to improve the performance-based design of building exits.



The area near the exit often becomes a bottleneck that is crucial for emergency evacuation. Moreover, the design of the exit will directly affect the bottleneck size [18]. The authors of [19] carried out experimental research to analyze the influence of emergency signage and crowded bottleneck areas. The authors of [20] introduced an emergency evacuation model for limited spaces to examine the evacuation efficiency, density of the bottleneck area, escape route, and other important factors based on different exit widths.




1.2.2. Pedestrian Dynamics and Passenger Decision Making


The ultimate goal of analyzing the exit width, exit location, and bottleneck area is to identify the behaviors of passengers and simulate their decision-making process, which dominantly determine the path selection, passenger flow on paths or links, and total travel time in platform navigation. Pedestrian dynamics is the main paradigm used to investigate the aforementioned issues, and it can be roughly divided into a macroscopic model and microscopic model [21].



The macroscopic model views pedestrians as a whole, moving in a manner similar to liquid. Thus, concepts such as density, speed, and flow are introduced into the simulation and prediction of the status of pedestrians’ movements [21,22,23,24]. The relationship between speed, density, and flow determines the optimal dimensions of facilities [25]. Scholars empirically measure and estimate this relationship through experiments under different circumstances. Unfortunately, the significant differences between various research results [26] imply that there are no fixed and precise functional relations among them, requiring the fitted model to be correct based on observed data. Additionally, the macroscopic model ignores individual choice behaviors and has poor performance in application scenarios for small-scale pedestrians.



Conversely, microscopic models focus on each pedestrian’s choice behavior to describe their movements on links, paths, and key locations. This type of model mainly includes Cellular Automata, the social force model, the game-theoretic model, and the mathematical optimization model. The Cellular Automata (CA) model was used to divide the layout of a place into cells and to represent each cell as a pedestrian [27]. Thus, a pedestrian makes decisions relying on the adjacent cells in a predefined set of rules. The authors of [28] further developed a new model that allows several pedestrians in one cell or a single pedestrian to occupy multiple cells for more detailed information.



The social force (SF) model has received the most attention and was adopted in the description of pedestrian reactions to the surroundings in recent years. The authors of [29] introduced the SF model to stimulate pedestrian movement on stairs. To conduct a more in-depth study on exit selection, the authors of [30] categorized pedestrians into different groups with the SF model, which can be summarized as the modified social force (MSF) model. The authors of [31] introduced the utility function to the SF model and formulated the results of exit choices by calculating the utility value.



Game theory originates from economics and has also been applied to pedestrian dynamics. When considering game theory, it often means treating pedestrians as smart individuals with rational expectations so that their choices can be more accurately predicted. An early study [32] adopted game theory to predict the walking behavior of pedestrians. Subsequently, several works continued to extend game theory to investigate pedestrian behaviors based on equilibrium principles [33].



Mathematical programming methods are also widely used for modeling individual behaviors. In order to evacuate people through exits with the goal of the shortest time, the authors of [34] developed a fast dynamic programming evacuation approach to assign the optimal number of evacuees to each possible path. The authors of [35] focused on the problem of facilitating the final exit assignment and proposed an integer programming model to minimize the average evacuation time in a complex building when an emergency event occurs. The authors of [36] established a simulation-optimization model, which combines the Genetic Algorithm (GA) with the microscopic traveler assignment model, aiming to help evacuees find the optimal exit gates and start times in a large-scale evacuation problem with multiple exits.



Pedestrian dynamics provides an important perspective for modeling passenger decision making. The ability to collect comprehensive information and decision-making mechanisms are two core factors that diversely shape passenger choice behaviors and determine the adopting theory and model under different scenarios [37]. There are broad theoretical paradigms for understanding and predicting passenger choice. One is called “utility theory” [38] and the other is known as “heuristics” [39]. It is generally believed that passengers can perceive useful information in their choice processes, while enclosed spaces, such as subway stations, buildings, and interior spaces, which degrade passengers’ visibility, make them only able to access limited information [28]. In these circumstances, passengers can only perceive information selectively and purposely to make self-perceived optimal choices [40].





1.3. Motivations and Contributions


(1) Methodology. Passenger gatherings, responding to and deciding upon information, varies according to different circumstances. Studies should be conducted based on the characteristics of scenarios to model passenger decision-making processes [26,37]. As analyzed earlier, microscopic models adequately consider the individual choice behaviors based on the integration of environmental information into mental representations, leading to interpretable results. However, in a large-scale problem with numerous objects, accurately characterizing the behaviors of each individual and formulating their interplay are almost impossible, bringing exponential computational complexities [10,16,27,28,29,30,31,32,33,34,35,36]. On the other hand, adopting a macroscopic model [14,15,20,22,23,24,25] is beneficial for solving large-scale problems, while it heavily relies on repeated simulation experiments based on giving appropriate parameters. In order to meet the requirements of the application scenario and eliminate the shortcomings of the models mentioned above, we address the issue of passenger flow assignment by the micro-individual passenger choice model and calculate total passenger flow based on the macro-traffic flow model (Table 1).



(2) Problem Circumstance. The above literature showed that the evacuation problem generally implies two assumptions: One is that the evacuation occurs in an enclosed place with complex internal structures, such as subway stations, buildings, etc., that obstruct pedestrians’ vision. The other is that evacuation is an emergency scenario and pedestrians are in a hurry and panic, which causes pedestrians to leave or escape at an abnormal speed [5,6,7,8,10,11,12]. These situations force pedestrians to subconsciously make decisions and choose the nearest exit or the least crowded route within their vision. However, a typical high-speed railway platform is open without any obstruction, expanding passengers’ visibility to collect information comprehensively, resulting in accurate and reasonable choices, such as selecting the shortest paths or the least crowded exits, and achieving the maximum utilities.



Therefore, the contributions of this paper are threefold:




	
In order to quantify the risk of passengers falling off the platform, we propose a new concept of risk probability. We apply a normal distribution to fit the probability distribution of the number of disembarking passengers. The risk probability is defined using the gap of cumulative probability corresponding to the number of passengers completing the exit under the maximum allowable travel time.



	
We propose a novel integrated approach that combines passenger flow assignment based on choices of individual passenger path utility with a dynamic calculation of passenger flow. This methodology determines a fully demonstrated range of exit widths that reduce the risk probability to 10%.



	
We prove that the optimal solution of the passenger flow assignment model with minimum generalized cost is equivalent to the number of passengers based on path utility choices, thereby simplifying this problem.



	
We identify the bottleneck areas on a typical platform of a Chinese high-speed railway. The bottlenecks have opposite effects on the exit width on different travel paths (links), which suggests that the exit cannot be expanded infinitely to reduce congestion.










2. Model Formulation


2.1. Assumptions and Notations


	
Passengers have ample time to make decisions that maximize their own utilities [38].



	
Due to the limited platform area, passengers can accurately assess the number of people on each path by observation (experience and common sense).



	
Platform exits are unidirectional [41].







2.2. Platform Exit Width Range


2.2.1. Passenger Flow Assignment Based on Path Utility


In Figure 1, passengers disembarking within    l  A B     will gather at node A, that is, moving from nodes A1 and A2 to node A. Similarly, passengers getting off within    l B    will arrive at node B. Due to the unidirectional platform exits, passengers at node A as well as node C will first move to node B, and then from node B to exit D or exit E. Passengers disembarking from nodes B1 and B2 can choose exits D or E directly.



The above can be illustrated in Figure 2. Considering the sequential order of passengers from different initial nodes arriving at node B, the passenger choice process is depicted in Figure 3, which simplifies the process into two periods. In period 1 (  T = 1  ), passengers from nodes A1(C1) and A2(C2) go through the bottleneck to node A and then to node B. At the same time, passengers from nodes B1 and B2 move directly to node B and then proceed to exit D or exit E. In period 2 (  T = 2  ), passengers who have already departed from nodes A(C) and are arriving at node B then travel to exit D or E.



Figure 3 describes a time–space path network   G ( N , W )   on a high-speed railway platform.  N  represents a set of nodes and  W  represents a set of paths. Passengers make choices based on path utility, which is negatively correlated with travel time. The utility of path  m  linking two adjacent nodes   ( r , s )   is    U  r s  m    with a random error  ε  that follows the Gamble probability distribution.


   U  r s  m  = α ·  t  r s  m  + ε , ∀ N , S  



(1)







According to the utility theory [38] and MNL model [42], the probability of passengers choosing path  m  between node pair   ( r , s )   is computed by Equation (2).


  Pr o  b  r s  m  =    exp ( − β ·  U  r s  m  )     ∑  m ∈  W  r s      exp ( − β ·  U  r s  m  )      ,  



(2)




where utility can be seen as the opposite of generalized cost. We take the minimized generalized cost of all passengers as the objective function to propose a passenger flow assignment model on a high-speed railway platform.


  min Z ( f ( p , T ) ) =   ∑  ( r , s )      ∑  m ∈  W  r s       U  r s  m      ·  f  r s  m  +   1 θ     ∑  ( r , s )      ∑  m ∈  W  r s       f m      ( ln  f  r s  m  − 1 )  



(3)






    ∑  m ∈  W  r s       f  r s  m    =  q  r s   , ∀ ( r , s )  



(4)






    ∑  ( r , s )      ∑  m ∈  W  r s       δ p m      ·  f  r s  m  ≤  ο p T   



(5)




where     1 θ     ∑  ( r , s )      ∑  m ∈  W  r s       f  r s  m  ( ln  f  r s  m  − 1 )       is the penalty entropy, which represents the congestion caused by an increase in passenger flow. This congestion exacerbates the generalized cost in the entire network. At the same time, the penalty entropy ensures that all passenger flows are not concentrated on the path with the lowest cost to achieve equilibrium. Thus, all paths being selected by passengers guarantees consistency with the actual circumstances.    ο p T    is the maximum allowable passenger flow, resulting from the limited space on the platform. Constraint (4) requires that the total passenger flow of a node pair must be equal to the sum of passenger flows on all related paths. Inequality (5) regulates the threshold of passenger flow on a link.



Theorem 1. 

The optimal solution of the passenger flow assignment model proposed in this study is equivalent to the passenger selection based on path utility.





Proof of Theorem 1. 

Model (3) is a convex optimization problem with linear constraints, transforming constraints (4) and (5) into Lagrange multipliers and incorporating them into model (3) to construct model (6) [43].


    min Z =   ∑  ( r , s )      ∑  m ∈  W  r s       U  r s  m      ·  f  r s  m  +   1 θ     ∑  ( r , s )      ∑  m ∈  W  r s       f  r s  m      ( ln  f  r s  m  − 1 ) +       ∑  ( r , s )     π  r s   · (   ∑  m ∈  W  r s       f  r s  m  −  q  r s   ) +       ∑ p    π p    · (   ∑  ( r , s )      ∑  m ∈  W  r s       δ p m      ·  f  r s  m  −  ο p T  )    



(6)









For any    f  r s  m  , ∀ ( r , s ) , ∀ m  ,


     ∂ Z   ∂  f  r s  m     =  U  r s  m  +   1 θ   · ln  f  r s  m  +  π  r s   +   ∑ p    π p  ·  δ p m     



(7)







Let      ∂ Z   ∂  f  r s  m     = 0  ; then,


   f  r s  m  = exp ( −  U  r s  m  −  π  r s   −   ∑ p    π p  ·  δ p m    )  



(8)







Because    π  r s   ,  π p  > 0  ,     ∑  ( r , s )      ∑  m ∈ A     δ p m      ·  f  r s  m  −  ο p T  = 0  , and     ∑  m ∈ A     f  r s  m    −  q  r s   = 0  , Equation (8) is just the KKT (Karush–Kuhn–Tucker) condition of model (3). Meanwhile, it is notable that the probability of passenger selection can be expressed as


    Pr o  b  r s  m  =     f  r s  m      ∑  m ∈  W  r s       f  r s  m       =    exp ( −  U  r s  m  −  π  r s   −  π p  ·  δ p m  )     ∑  m ∈  W  r s      exp ( −  U  r s  m  −  π  r s   −  π p  ·  δ p m  )          =    exp (   U ^   r s  m  )     ∑  m ∈  W  r s      exp (   U ^   r s  m  )         



(9)




□



It is obvious that Formulas (2) and (9) are equivalent. Therefore, Theorem 1 has been proven. By using Theorem 1, we can directly solve the passenger flow assignment problem through calculating the path utilities to simplify solving the original problem.


  f ( p , T ) =   ∑  ( r , s )      ∑  m ∈  W  r s       δ p m  ·  f  r s  m       



(10)







Constraints (11)–(17) ensure that the proposed model conforms to the application scenario in this paper, where    c i    represents the number of passengers disembarking from the train on track  i , which follows a normal distribution,    c i  ∼ N (  μ i  ,  σ i 2  )  . The gap between the cumulative probability of passenger flow that satisfies a normal distribution and 100% is defined as the risk probability. Thus,    Φ   c i    − 1   ( 90 % )   means the number of passengers corresponding to the cumulative probability of 90%, and the risk probability is 10%. The risk probability quantifies the risk of passengers falling off the platform from a probabilistic perspective.


   q A T  =   ∑ i    q  A i  T  =     ∑ i      l  A B      l  A B   +  l  C B   +  l B    ·  Φ   c i    − 1   ( 90 % )   , T = 1  



(11)






   q C T  =   ∑ i    q  C i  T  =     ∑ i      l  C B      l  A B   +  l  C B   +  l B    ·  Φ   c i    − 1   ( 90 % )   , T = 1  



(12)






   q B T  =   ∑ i    q  C i  T    =   ∑ i      l B     l  A B   +  l  C B   +  l B    ·  Φ   c i    − 1   ( 90 % )   , T = 1  



(13)






   q  A B  T  =  q A T  =   ∑  m ∈  w  A B       f  A B  m    , T = 1  



(14)






   q  C B  T  =  q C T  =   ∑  m ∈  w  C B       f  C B  m    , T = 1  



(15)






   q B T  =  q  B D  T  +  q  B E  T  , T = 1  



(16)







For period 2 (  T = 2  ), only passengers at node B proceed to exit D or E. Constraint (17) indicates that the passengers departing from node B in the second period are equal to the arrived passengers from nodes A and C in the first period.


   q  B D  T  +  q  B E  T  =  q  A B   T − 1   +  q  C B   T − 1   , T = 2  



(17)








2.2.2. Exit Width Range


To improve passenger safety, it is necessary to scientifically and reasonably determine the width of the exits. Specific parameters on a platform are marked in Figure 4. As shown, a high-speed rail platform typically contains two exits with the same length and width. The exits are symmetrically designed with platform width  λ  and platform length  ϕ .      λ − x  2     refers to the width of the bottleneck. When the exit is excessively large, passengers can quickly pass through them from node B to D or E. However, the shrinkage of the bottleneck is likely to cause passengers to be unable to reach node B from nodes A or C within the stipulated time, resulting in congestion in the bottleneck. Conversely, a small exit may ensure passengers successfully pass though the bottleneck and reach node B within the stipulated time while causing congestion on node B. The above two situations all increase the risk of falling off the platform. Next, we provide the following discussions about these two scenarios, respectively.



(1) When   p = 3 , 4 , 7 , 8  , it corresponds to passengers traveling from node A or C to node B, passing through the bottleneck area. According to classic flow-density theory [44], the relationship between speed and density is described by Equation (18).


   v p T  =  v f  · ( 1 −     k p T     k f     )  



(18)




where    k f    is the maximum passenger flow density and    g p T  ( t )   is the occupied area by each passenger.


   k p T  = (    λ − x  2   · ϕ ) /  g p T  , p = 3 , 4 , 7 , 8 , ∀ T  



(19)







In Figure 5, initially, due to fewer passengers entering the bottleneck, the area occupied by each passenger is extensive, resulting in a lower passenger flow density. As more passengers go through the bottleneck, the occupied area gradually drops, which means the passenger flow density increases. It remains stable once reaching the maximum passenger flow density (the minimum area occupied). As the number of passengers decreases, the occupied area increases, approaching the end. Therefore, the occupied area    g p T  ( t )   is a function of decision variable travel time  t .



Every link is constrained by the maximum allowable travel time, thus obtaining the passenger flow    Q p T    passing through link  p  under the maximum allowable travel time    θ p T   .


   Q p T  =    ∫ 0   θ p T      v f  · ( 1 −   ( λ −  x p T  ) · ϕ   2 ·  g p T  ( t ) ·  k f    ) · (   ( λ −  x p T  ) · ϕ   2 ·  g p T  ( t )   ) d t    , p = { 3 , 4 , 7 , 8 } , ∀ T  



(20)







The range of exit widths must ensure that    Q p T    meets Equation (21).


   Q p T  (  x p T  ) ≥ f ( p , T )  



(21)







Because   ∀  x p T  > 0  ,      d  Q p T    d  x p T     = −    ∫ 0   θ p T      1  4 ·  g p T  ( t )   d t ·   2 ·  ϕ 2  ·  v f  ·  x p T    4 ·  k f       −    2 ·  ϕ 2  · λ ·  v f    4  g p T  ( t ) ·  k f     < 0  , and the passenger flow    Q p T    decreases monotonically as the exit width increases. Thus, the boundary value of the exit width is    x p T  ( * )  .


   x p T  ( * ) =  x p T  |  Q p T  (  x p T  ) = f ( p , T ) , p = { 3 , 4 , 7 , 8 } , ∀ T  



(22)







The exit width range is    y p T  = ( 0 ,  x p T  ( * ) ] , p = 3 , 4 , 7 , 8  .



(2) When   p = 11 , 12  , this describes the process of passengers traveling from node B to exits D or E. The width of the exit directly determines the time taken by passengers to pass through the exits. The density of passenger flow is given as below.


   k p T  = ( x · ϕ ) /  g p T  , p = { 11 , 12 } , ∀ T  



(23)







The total volume of passenger flow    Q p T    can be calculated as


   Q p T  =    ∫ 0   θ p T      v f  · ( 1 −    x p T  · ϕ    k f  ·  g p T  ( t )   ) ·    x p T  · ϕ    g p T  ( t )   d t    , p = { 11 , 12 } , ∀ T  



(24)







The first and second derivatives of    x p T    are found as follows:


     d  Q p T    d  x p T     =    ∫ 0   θ p T        v f  · ϕ    g p T  ( t )   d t − 2  x p T  ·    ∫ 0   θ p T        v f  ·  ϕ 2     k f  ·   [  g p T  ( t ) ]  2    d t        



(25)






      d 2   Q p T    d   (  x p T  )  2     = − 2 ·    ∫ 0   θ p T        v f  ·  ϕ 2     k f  ·   [  g p T  ( t ) ]  2    d t    < 0  



(26)







Obviously, because of      ∫ 0   θ p T        v f  · ϕ    g p T  ( t )   d t    > 0   and      ∫ 0   θ p T        v f  ·  ϕ 2     k f  ·   [  g p T  ( t ) ]  2    d t    > 0  , there exists    x p T  ( 0 )   that satisfies      d  Q p T    d  x p T  ( 0 )    = 0  . Note that       d 2   Q p T    d   (  x p T  )  2     < 0  , so it can be known that as the exit expands, the passenger flow    Q p T    first increases and then decreases with    x p T  ( 0 )   as the dividing point. Therefore, when the passenger flow    Q p T    meets the minimum value limited by constraints, the corresponding boundary value of minimum exit width is    x p T  ( * )  .


     x p T  ( * ) =     {  x p T  |  Q p T  (  x p T  ) = f ( p , T ) } ,  Q p T  (  x p T  ( 0 ) ) > f ( p , T )      x p T  ( 0 ) ,  Q p T  (  x p T  ( 0 ) ) = f ( p , T )     ∅ ,  Q p T  (  x p T  ( 0 ) ) < f ( p , T )         s . t .     p = { 11 , 12 } , ∀ T    



(27)







The exit width range is generated as follows:


     y p T  =     ( 0 , min (  x p T  ( * ) ) ] ∪ [ max (  x p T  ( * ) , λ ) ,  Q p T  (  x p T  ( 0 ) ) > f ( p , T ) , min (  x p T  ( * ) > 0     [ max (  x p T  ( * ) , λ ) ,  Q p T  (  x p T  ( 0 ) ) > f ( p , T ) , min (  x p T  ( * ) < 0     ∅ ,  Q p T  (  x p T  ( 0 ) ) ≤ f ( p , T )         s . t .     p = 11 , 12    



(28)







Finally, the exit width range that conforms to all links is found, where   ∩ *   means the intersection for all elements  * :


  y =   ∑ T     ∑ p   ∩ (  y p T  )     , ∀ p , ∀ T  



(29)










3. Solution Process


Step 1: Estimate the values of parameters in the path utility function. Thus, obtain the passenger flow on each path. Complete passenger flow assignment based on Formulas (9) and (10) to output the passenger flow on each link   f ( p , T ) , ∀ p , ∀ T  . Due to the fact that the travel path of passengers on the platform is axisymmetric with the exit as the reference, the values of parameters in the path utility function linking two adjacent nodes   ( r , s )   are the same. This further simplifies the passenger assignment problem.



Step 2: Consider the extreme case where the total travel time equals the maximum allowable time. Then, randomly output the set of maximum allowable travel times   {  θ 1 1  ,  θ 2 1  , …  θ  12  1  , …  θ  11  2  ,  θ  12  2  }   for each link  p  in period  T .    θ p T    satisfies the below constraints.


  max (  θ   A 1  B  T  ,  θ   A 2  B  T  ,  θ   B 1  D ( E )  T  ,  θ   B 2  D ( E )  T  ) + max (  θ  B D ( E )   T ^   ) = θ , T = 1 ,  T ^  = 2  



(30)






   θ  r s  T  = max (  θ  r s   T , m   ) , ∀ m ∈  W  r s    



(31)






   θ  r s   T , m   =   ∑ p    δ p m  ·  θ p T     



(32)






     θ ⌣   T  ≤  θ p T  ≤    θ ^   T  , T = 1 , 2  



(33)







Step 3: Solve for the boundary values of exit width for passengers traveling through the bottleneck.



Begin the loop



        Let   T = 1  , begin the loop.



        For  p  in list (3,4,7,8):



              (1) Sample the average occupied area at each time point    t k   .



              (2) Estimate function    g p T  ( t )   using linear function approximation based on sample data at each time point.


   g p T  ( t ) =      a 1  +  b 1  · t , 0 < t ≤  t 1       a 2  +  b 2  · t ,  t 1  < t ≤  t 2      … …      a k  +  b k  · t ,  t  k − 1   < t ≤  t k  =  θ p T       



(34)







              (3) Solve the boundary value of exit width    x p T  ( * )   based on (19)–(22).



              (4) Obtain the exit width range    y p T  = ( 0 ,  x p T  ( * ) ] , p = 3 , 4 , 7 , 8  .



End the loop.



Step 4: Solve for the boundary values of exit width for passengers passing through the exit.



Begin the loop.



For  T  in list (1,2):



       For  p  in list (11,12):



            (1) Sampling the average occupied area at each time point and estimate function    g p T  ( t )   using linear functions approximation based on sample data at each time point by Equation (34).



             (2) Solve boundary value of exit width    x p T  ( * )   based on (23)–(27).



             (3) Obtain the exit width range by Formula (28).



End the loop.



Step 5: Determine the exit width range for all situations by Equation (29).




4. Case Studies Based on Real Data


4.1. Numerical Results


We have collected the data of Nanjing South railway station in China’s high-speed railway, from 1 March 2024 to 31 May 2024, as an example. These data are used to estimate parameters in the following texts. According to the actual situation, a typical platform has a length of 450 m and two exits. The length parameters of each segment are as follows:    l  A B   = 120   m,    l  C B   = 120   m, and    l B  = 210   m. Due to the complexity of the investment plan and approval involved in the renovation of the platform, the width of the exit will remain unchanged at 10 m in the short term. Thus, the entire platform width is   λ = 10   m and the length of the exit is   ϕ = 20   m. The current exit width is 6 m.



Passenger flow sample data from 1 March 2024 to 31 May 2024 show that the number of disembarking passengers for trains stopping at track 1 follows a normal distribution   N ( 1283 , 97 )  , and for track 2, it also follows a normal distribution   N ( 1103 , 81 )  , as shown in Table 2. The risk probability is set as 10%. All these are shown in Table 2 and Table 3.



According to Figure 1, since the width, length, and positions of the two exits on the platform are symmetrically distributed, the path utility obtained by passengers facing multiple paths between the same adjacent node pair is equal. Therefore, the assigned passenger flow for all paths and links is shown in Table 4 and Table 5.



The minimum interval time for adjacent trains to stop on the same track is 5 min (300 s,   θ = 300  ; high-speed railway operation regulations) [41]. This indicates that passengers getting off the previous high-speed train need to exit within 5 min; otherwise, the next high-speed train will arrive, bringing more passengers and exceeding the designed threshold capacity of the platform, significantly weakening passenger safety. The time it takes for passengers to reach the node from the train is related to the distance. According to the samples, the maximum allowable travel time on each link is estimated in Table 6.



Based on actual operational experience, a passenger’s speed is limited when carrying luggage, with a maximum flow speed of    v f  = 1   m/s. The minimum area occupied by a moving passenger is 0.5 square meters, i.e.,     g ⌣  p T  = 0.5 , ∀ p , T  . All instances of congestion resulting from passengers failing to pass though the links during the maximum allowable travel time are taken as the scenario objects to sample the average occupied area data. Then, the average of all samples is calculated to fit linear functions at sample point    t k   .


   g p T  (  t k  ) =   1  | N |      ∑  n ∈ N     g p T  (  t k  , n )    



(35)







All linear functions are connected to approximate the curve of the change in average occupied area during the maximum allowable travel time    θ p T   ; the range of exit widths for each link is obtained and shown in Table 7.



Finally, the reasonable exit width is between 6.43 m and 7.01 m (Table 8).



Table 8 shows that the reasonable exit width range is from 6.43 m to 7.01 m, which is 0.43 m larger than the actual exit width of 6 m. The width of 6 m meets the maximum allowable time constraint on relevant paths for passengers traveling from nodes A and C to node B through the bottleneck (6 < 7.01 < 7.67). However, considering the situation where passengers travel from node B to exits D and E (  p = 11 , 12  ), 6 m still cannot ensure that passengers complete their exit within the maximum allowable travel time during period 1 (T = 1). This demonstrates that the current exit width of 6 m on Chinese high-speed railway platforms is insufficient and will inevitably lead to passenger congestion around the area near node B in extreme cases. As the number of congested passengers increases, the risk of falling from the platform at the location is exacerbated. According to our calculation results, the platform exit should be increased from 6 m to 6.43 m at least. This ensures that passengers can successfully leave the platform within the maximum allowable travel time in 90% of cases, and improves the safety of passengers on the platform.




4.2. Influence of Extremely Large Passenger Flow on Exit Width Range


Risks are always hidden in extreme scenarios. Consider the extreme situation of an oversized passenger flow (disembarking passengers) that may occur in the operation of a high-speed railway. The risk probability of passengers falling off the platform resulting from congestion is equivalent to the cumulative distribution probability of the number of passengers that can leave the platform within the maximum allowable travel time by optimizing the exit width. Section 4.1 discusses the width range of the platform exit corresponding to a 90% percentile cumulative probability of passenger flow. While this still means that there is still a 10% probability that cannot guarantee that passengers exit within the maximum allowable travel time, it results in accidents of falling off the platform when the exit width is between 6.43 m and 7.01 m.



In order to study the interplay between passenger flow and exit width range, we set risk probabilities of 5% and 2%, respectively, to explore the impact of an extremely oversized passenger flow on exit width. Keeping the other parameters constant, the results of the platform exit width range under risk probabilities of 5% and 2% are shown in Table 9. It can be concluded that as the disembarking passengers increase, the exit width range shrinks. Because the exit width is limited by the total platform width of 10 m, there is no solution for optimization of the exit width under a 2% risk probability. At this time, the platform should be widened instead of expanding the exit. Finally, we determine that the current optimal exit width can only reduce the risk probability by about 3.1% at most.



We further expand the scenarios of passenger flow to compute the range of exit widths. As shown in Figure 6, under the current maximum allowable travel time of 300 s, the exit width range is roughly inversely proportional to the number of passengers getting off the trains. When the number of disembarking passengers exceeds 2720, changing the exit width is no longer effective and the platform width needs to be redesigned.




4.3. The Influence of Widening the Exit on Economic Cost


Figure 7a shows the current video surveillance footage, with blue boxes representing the monitoring area (dangerous area). As seen, as the camera devices are affected by factors such as camera resolution and lighting, a set of surveillance equipment can only effectively recognize within a distance of about 50 m, which requires installing a set of monitoring equipment at regular intervals and incurs high costs (red boxes in Figure 7b). According to the proposal in this paper to define part of the platform outside the bottleneck area as the monitoring area, monitoring and warning this area can effectively achieve the goal of preventing passengers from falling from the platform.



By alleviating congestion, the frequency of passengers entering the monitored (danger) area is correspondingly reduced. The remaining risk area that passengers still enter is redefined as the new monitoring area. Therefore, we narrow the monitoring area and redefine part of the platform outside the bottleneck (Figure 8) as the danger area for video surveillance (monitoring area). Passengers entering this area will be monitored in real-time, and an alarm will be triggered if they remain there for more than 3 s (red boxes in Figure 7a and Figure 8). A comparison in Figure 8 and Figure 9 shows that the monitoring area is significantly reduced. The reduced monitoring area cuts down the number of required monitoring devices (cameras), thereby lowering the monetary costs.



Obviously, the new monitoring area is significantly smaller than the current one, resulting in less required surveillance equipment and lower economic costs. Table 9 shows that the new monitoring area is only 80 m2, cutting down the area by 91% compared to the current one. According to the information provided by the station managers, the cost of a set of monitoring equipment is approximately CNY 50,000. All monitoring equipment needs a server system support, which is valued at CNY 500,000. Correspondingly, the required surveillance equipment is compressed to 4 sets from 18 sets, leading to a reduction of 50% in terms of economic cost (Table 10).





5. Discussion and Conclusions


This study explores a range of platform exit widths to determine how to reduce the risk of falling off the platform. In order to quantify this risk, we first use the gap of cumulative probability corresponding to the number of passengers completing the exit under the maximum allowable travel time to define the risk probability to measure the likelihood of passengers falling off the platform. Then, we propose an integrated model that combines passenger flow assignment with the dynamic calculation of passenger flow.



	(1)

	
We found that the current exit width of 6 m is insufficient in ensuring congestion-free passenger flow, contributing to the annual platform fall incidents in China. We recommend increasing the platform exit width to a range of 6.43 to 7.01 m to reduce the risk probability to 10%. This adjustment also decreases the likelihood of passengers entering hazardous zones, allowing for a redefinition of monitoring areas outside the bottleneck.




	(2)

	
Compared to the previous design, the newly defined monitored areas are reduced by 91%, resulting in a 77.7% decrease in the required surveillance equipment and a 50% reduction in monetary investment.




	(3)

	
Due to the restriction of a typical platform width of 10 m, the limit of redesigning the exit width aims to allow 2770 passengers to leave the platform within the maximum specified travel time. At this time, the risk probability is still 3.1%.




	(4)

	
Based on actual operational constraints, it is necessary to set a minimum risk tolerance (risk probability) for station managers. The ranges of exit widths required to achieve different aims of risk probabilities vary.




	(5)

	
Our recommendations provide theoretical guidance for redesigning the platform (exit). However, due to the complexity of the investment plan and approval involved in the renovation of the platform, the width of the exit will remain unchanged in the short term. It is recommended to add managers in bottleneck areas to assist passengers in safely exiting the platform and prevent them from falling down onto the tracks during extreme passenger flows.







Fortunately, the suggested expansion of the exit width to 6.43 m has at least been implemented in several high-speed railway stations in China, receiving positive feedback from station managers.



However, the interplay between passenger flow density and speed under specific exit widths has not been further theorized. In addition, the exit location will also affect the results within the maximum allowable passage time. Future work will focus on incorporating exit width and location into a joint optimization model, making the outcomes more realistic and enhancing their practical applicability.



At the same time, in the next in-depth study, we will add considerations such as increasing the platform width (removing the limitation of 10 m for platforms) and introducing multi-directional exits, increase the depth of analysis, and improve the clarity, robustness, and practicality of the research results.
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Abbreviations




	Variables
	Meanings



	   r , s   
	Node



	    W  r s     
	   Set   of   all   paths   from   node   r   to   node   s   



	  i  
	Track included in platform



	    c i    
	   Number   of   passengers   getting   off   train   on   track   i   



	  p  
	Link



	  m  
	path



	    δ p m    
	  0 – 1   Variable :   It   equals   1   if   path   m   is   on   link   p  ; otherwise, it equals 0



	   T ,  T ^    
	Period



	    q  r s  T    
	   Number   of   passengers   traveling   from   node   r   to   node   s   in   period   T   



	    l  r s     
	   Platform   length   from   node   r   to   node   s   



	    f  r s  m    
	   Passenger   flow   on   path   m   from   node   r   to   node   s   



	   f ( p , T )   
	  Passenger   flow   on   link   p   in   period   T  .



	    v p T    
	   Speed   of   passenger   flow   on   link   p   in   period   T   



	    k p T    
	   Density   of   passenger   flow   on   link   p   in   period   T   



	  t  
	Travel time on platform



	    Q p T    
	   Unit   volume   of   passenger   flow   on   link   p   in   period   T   



	    g p T  ( t )   
	   Area   occupied   by   one   passenger   on   link   p   in   period   T   



	    x p T    
	   Range   of   exit   widths   on   link   p   in   period   T   



	Parameters
	Meanings



	    v f    
	Maximum passenger flow speed



	  ϕ  
	Exit length



	  λ  
	Platform width



	  l  
	Length of platform



	     g ^  p T    
	  Minimum   area   occupied   by   passengers   on   link   p   while   passing   through   bottleneck   area   in   period   T  , estimated from samples



	    θ p T    
	   Maximum   allowable   time   for   passengers   to   pass   through   link   p   in   period   T   



	Decision Variables
	Meanings



	  y  
	Exit width range
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Figure 1. A diagram of the passenger exit process (drawn based on actual data of the platform configuration by Microsoft Visio 2010). 
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Figure 2. A diagram of passenger paths on the platform (abbreviated according to Figure 1 by Microsoft Visio). 






Figure 2. A diagram of passenger paths on the platform (abbreviated according to Figure 1 by Microsoft Visio).



[image: Applsci 15 03726 g002]







[image: Applsci 15 03726 g003] 





Figure 3. The path selection of passengers (considering the travel order of passengers on the platform based on Figure 2 by Microsoft Visio). 
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Figure 4. Parameters for typical platform (platform plan with main parameter based on actual data by Microsoft Visio). 
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Figure 5. Curve of change in occupied area (diagram of changes in passenger-occupied area over time by Microsoft Visio). 
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Figure 6. The exit width with different risk probabilities (based on Table 9 using Python 3.7). 
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Figure 7. The current monitored area and surveillance devices (red boxes) (actual operational pictures provided by the station): (a) A passengers entering dangerous areas; (b) surveillance camera. 
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Figure 8. The narrowing of the monitored area of the platform in reality (actual operational pictures provided by the station): (a) The current monitored area; (b) The new monitored area after optimizing the exit width. 
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Figure 9. A schematic of the narrowing of the monitored area on the platform (a diagram of the changes in the monitoring area, drawn by Microsoft Visio): (a) The size of current monitored (risk) area; (b) The size of new monitored (risk) area after optimizing the exit width. 
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Table 1. Comparison of modeling techniques (summary based on the above literature).






Table 1. Comparison of modeling techniques (summary based on the above literature).





	
Microscopic Model

	
Macroscopic Model




	
Cellular Automata

	
Social Force Model

	
Game-Theoretic Model

	
Mathematical Optimization Model






	
[10,27,28]

	
[29,30,31]

	
[32,33]

	
[16,34,35,36]

	
[14,15,20,22,23,24,25]




	

	

	

	
This paper

	
This paper











 





Table 2. Mean and standard deviation of the number of passengers getting off the trains (calculated from sample data).
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	Track ( i )
	1
	2



	Mean (μ)/Standard deviation (δ)
	1283/97
	1103/81










 





Table 3. Values of main parameters (actual data).






Table 3. Values of main parameters (actual data).













	Length of Platform or Exit

(Unit: Meters)
	    l  A B     
	lCB
	lB
	λ
	  ϕ  



	
	120
	120
	210
	11
	20










 





Table 4. Passenger flow of node pairs (intermediate results under passenger flow assignment).






Table 4. Passenger flow of node pairs (intermediate results under passenger flow assignment).





	
Passenger Flow     q  r s  T   

	
Node Pair (r,s)




	
A1A

	
A2A

	
B1B

	
B2B

	
C1C




	
Period (T)

	
1

	
384

	
329

	
673

	
576

	
384




	
2

	
/

	
/

	
/

	
/

	
/




	
Passenger Flow    q  r s  T   

	
Node Pair (r,s)




	
AB

	
CB

	
BD

	
BE

	
C2C




	
Period (T)

	
1

	
714

	
714

	
625

	
625

	
329




	
2

	
/

	
/

	
714

	
714

	
/











 





Table 5. Passenger flow of links with different periods (intermediate results under passenger flow assignment).






Table 5. Passenger flow of links with different periods (intermediate results under passenger flow assignment).





	
Passenger Flow f(p,T)

	
Link (p)

	




	
1

	
2

	
3

	
4

	
5

	
6




	
Period (T)

	
1

	
384

	
329

	
357

	
357

	
384

	
329




	
2

	
/

	
/

	
/

	
/

	
/

	
/




	
Passenger Flow f(p,T)

	
Link (p)

	




	
7

	
8

	
9

	
10

	
11

	
12




	
Period (T)

	
1

	
357

	
357

	
673

	
576

	
625

	
625




	
2

	
/

	
/

	
/

	
/

	
714

	
714











 





Table 6. Maximum allowable travel time for links with different periods (intermediate results).






Table 6. Maximum allowable travel time for links with different periods (intermediate results).





	
Maximum Allowable Travel Time (    θ p T    )

	
Link (p)

	




	
1

	
2

	
3

	
4

	
5

	
6




	
Period (T)

	
1

	
82

	
75

	
92

	
92

	
88

	
80




	
2

	
/

	
/

	
/

	
/

	
/

	
/




	
Maximum Allowable Travel Time (    θ p T    )

	
Link (p)

	




	
7

	
8

	
9

	
10

	
11

	
12




	
Period (T)

	
1

	
99

	
99

	
67

	
62

	
75

	
75




	
2

	
/

	
/

	
/

	
/

	
113

	
113











 





Table 7. The range of widths of the high-speed railway platform exit (final results).






Table 7. The range of widths of the high-speed railway platform exit (final results).





	

	
Link (p)/Period (T)




	
3/1

	
4/1

	
7/1

	
8/1




	
Range of widths of exit (   y p T   )

(Unit: m)

	
(0, 7.01)

	
(0, 7.01)

	
(0, 7.67)

	
(0, 7.67)




	

	
Link (p)/Period (T)




	

	
11/1

	
12/1

	
11/2

	
12/2




	
Range of widths of exit (   y p T   )

(Unit: m)

	
(6.43, 10)

	
(6.43, 10)

	
(3.96, 10)

	
(3.96, 10)











 





Table 8. The reasonable width of the high-speed railway platform exit (final results).






Table 8. The reasonable width of the high-speed railway platform exit (final results).





	The exit width range (y