Evaluating Efficiency of Passenger Railway Stations: A DEA Approach 
Abstract 
Stations are bottlenecks for railway transportation as they are where traffics merge and diverge. Numerous activities such as passengers boarding, alighting and interchanging, train formation and technical checks are also done at these points. The number of platforms is limited and it is vital to do all the work efficiently. For the first time in the literature, we implement a methodology based on Data Envelopment Analysis which is benchmarked from ports and airport efficiency studies. It can help policy makers and practitioners to rank stations in terms of efficiency and take more informative decisions. The proposed methodology can analyse the relative ‘technical efficiency’ of stations to handle train stops with existing station capacity.  The second stage model analyses ‘service effectiveness’ to identify how well train stops at a station are transformed into the number of passenger entries, exits and interchanges, taking into account catchment area population and job opportunities. The models are applied to a case study of the 96 busiest train stations in Great Britain and are followed up by two Tobit regressions to assess the effect of traffic type and location on the results.  
1 Introduction 

Being a safe, energy efficient and sustainable mode of transportation, railways play a significant role in moving passengers worldwide. As shown in Table 1, more than 30 billion passengers travel by trains per year globally UIC, 2015b()
 . Providing good services to such a huge number of customers in a timely and cost effective manner has been a concern for policy makers and practitioners. 
Table 1- Passenger Performance of Railways in Different Regions of the World
 UIC, 2015b()

	Region
	Passengers Carried (million) in 2014
	Passenger-km (million) in 2014

	Africa
	643 
	63,475



	America
	523


	21,725



	Asia Pacific and Middle East
	20,158


	2,380,850



	Europe
	9,528


	604,158




Stations are the interface of railways with passengers. They are usually the major bottlenecks of railway networks; however limited work has been done on evaluating and ranking their performance. Existing studies to improve train operations at stations have been focused on train routing through stations such as the works by Zwaneveld et al. 1996()
, Kroon et al. 1997()
 and Zwaneveld et al. 2001()
, robust timetabling and train scheduling to minimise delays at stations such as the work by Carey and Crawford 2007()
, Yuan and Hansen 2007()
 and Jia et al. 2009()
, combinations of train routing and scheduling by Burkolter 2005()
 and  Carey and Carville 2003()
 or analytical methods to station capacity by Lindfeldt 2007()
, Armstrong et al. 2011()
 and  Landex 2011()
. As stations are the bottlenecks of railway network, it is very important to develop appropriate methods to measure and analyse efficiency at these points.  
In this paper we present holistic models based on data envelopment analysis (DEA) to rank technical efficiency and service effectiveness of major passenger stations. The models are then applied to a case study in Great Britain.

2 Literature review: Benchmarking from Sea Ports and Airports 

The railway industry is extremely capital-intensive. Significant research has been carried out on evaluating efficiency, but these mainly focus on international comparisons of railways. To the best of the authors’ knowledge, a holistic model to find good practice operations for railway stations does not exist.  Sea ports and airports are in nature very similar to stations, hence we propose to benchmark from the plethora of research on their performance analysis and to develop appropriate models for railway stations. Therefore, the literature is presented in two sections: efficiency studies in railways and benchmarking from the performance analysis of ports and airports. 

DEA applications were reviewed by Movahedi et al., 2011(Merkert et al. (2010)

. DEA continues to be widely used to evaluate the efficiency and performance of railways in Iran Liu et al. (2013b)

.  DEA efficiency studies in railways were surveyed by Liu et al. (2013a)

 and , Rayeni and Saljooghi, 2014)
 , Korea Kim et al., 2011()
, China 
 ADDIN EN.CITE 
(Song et al., 2015, Li and Hu, 2010, Teng et al., 2010)
, Japan 
 ADDIN EN.CITE 
(Sekiguchi et al., 2010, Jitsuzumi and Nakamura, 2010, Oum et al., 2013)
, India 
 ADDIN EN.CITE 
(Deshpande and Weisskopf, 2014, Ranjan et al., 2016)
 and US Mallikarjun et al., 2014()
. Its other applications include station site location Mohajeri and Amin, 2010()
, railway logistic site location Liu et al., 2013a()
,  railway passenger transport in cities Hilmola, 2010()
, container terminals of railways analysis Bhanot and Singh, 2014()
  and even evaluation of line deterioration Kim et al., 2013()
.

Regarding the impact of deregulation, DEA was used to study the efficiency of European Railways by Gao et al. (2011)

. 
Doomernik (2015)

 and Chinese railway enterprises by Bray et al. (2015)

 used fuzzy DEA models to include uncertain inputs such as delays in transportation networks. Network Data Envelopment Analysis (NDEA) was used to benchmark high speed railway systems of 8 countries in Asia and Europe by Hansen et al. (2013)

. Kleinová (2016)

 and Cantos et al. (2012)

, 
To provide insights for developing an appropriate methodology, inputs and outputs used for assessing operational efficiency at ports and airports have been studied. Inputs for port efficiency analysis are surveyed by Lozano et al. 2011()
. Typical inputs include the number of workers, quay length, terminal area, number of tugs and operating costs. Outputs range from the number of ship calls, number of passengers, and movement of freight to the volume of liquid and dry bulk. The average number of inputs and outputs for 9 studies were 3.6 and 2.4 respectively.  Table 2  summarises the inputs and outputs for DEA models of ports.  
Table 2- Major inputs and outputs for port efficiency analysis
	Port efficiency analysis by DEA as surveyed by

Lozano et al. 2011()

	Range of inputs
	Range of outputs

	
	Number of workers

Book value of assets

Operating costs

Capital invested

Quay length

Terminal area

Number of (quay/yard) gantry cranes

Number of straddle carriers

Total berth length

Stocking area

Number of deep water piers

Number of tugs

Delay time

Annual expenditure on equipment
	Ship calls

Movement of freight

Total cargo/containers handled

Liquid bulk

Dry bulk

Number of ships

Number of passengers

Sales 

Movement of containers/hour/ship


Airport efficiency studies are reviewed by  Pestana Barros and Dieke 2007()
 as presented in Table 3. They are put into the three categories of terminal efficiency, movement efficiency and general efficiency. Inputs include the number of runways and gates, terminal area, airport area, number of employees and check-in desks. Outputs are usually the number of passengers on its own or together with the volume of freight as the second output.  The average number of inputs and outputs for 7 airport efficiency studies were 4.2 and 1.8.
Table 3- Major inputs and outputs for airport efficiency analysis

	
	Range of inputs
	Range of outputs
	Type of efficiency

	Airport efficiency studies as surveyed by Pestana Barros and Dieke 2007()

	Number of runways

Number of gates

Terminal area

Number of baggage collection belts

Number of public parking spots

Number of employees
	Number of passengers

Pounds
 of cargo
	Terminal
	
	

	
	Airport area

Number of runways

Runway area

Number of employees
	Air carrier movements

Commuter movements
	
	Movement
	

	
	Number of employees

Annual rental based on rate of return 

Other inputs defined as the residual of total operating costs

Accumulated capital stock proxied by amortision

Intermediate expenses
	Turnover

Number of passengers

Cargo and mail business
	
	
	General


To the best of the authors’ knowledge, the only existing method on classifying rail passenger stations is recently published by the International Union of Railways as a recommendatory standard (Table 4) UIC, 2015a()
 . 

Table 4- Criteria for Classifying Rail Passenger StationsUIC, 2015a()
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Table 1 : Summarised calculation method

K=1 K=2 K=3 K=4 K=5 Value
1- Attendance (A) [persons/day] | [persons/day] | [persons/day] | [persons/day] | [persons/day]
‘Total number of passengers | A <400 400<A | 7500<A | 20000<A | A>200000 03
catching a train in the station <7500 <20000 | <200000
per day
2- Number of trains (T) [trains/day] | [trains/day] | [trains/day] | [trains/day] | [trainsiday]
Number of trains T<30 [30<T<250| 250<T 750<T | T>2500 02

<750 <2500

3-Platform edges (P)

Number of platform edges P=2 2<P<5 |5<P<10| P>10 01

4-Railway station size (S) | [sqmetres] | [sqmetres] | [sqmetres] | [sqmetres] | [sqmetres]

Calculated surface $<1000 | 1000<S | 5000<S | 40000<S | S>200000 02
<5000 <40000 | <200000

5 - Intermodality (1)
Intermodal modes. 1<2 2<1<6 | 6<I<10 | 10<I<15 1>15 02
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This method is not comrehensive for several reasons. First, it is a static method and threshholds do not change according to the characterisitcs of railways. For instance, the same limits for classifying stations in countries such as China, India and Japan that transport billions of passengers per year cannot be used for a country with less than 100 million annual passengers. Second, this method cannot rank stations (which is needed for policy making and technical planning) and only categorises them. Third, the method does not evaluate relative performance of stations and basically indices cannot be used for this goal. As reviewed for airports and sea ports, holistic methods such as data envelopment analysis are the norm to be used.  
3 Data Envelopment Analysis (DEA) 

DEA is a widely-used method of evaluating performance and is a breakthrough in analysing relative efficiency. Farrell 1957()
 believed that previous attempts did not provide a good measure of efficiency and laid the foundations of DEA. This method is a powerful non-parametric tool that spans the boundaries of different disciplines of management science, operational research, economics and mathematics Zerafat Angiz et al., 2010()
. As shown in Figure 1,  efficiency is commonly assessed by the ratio of generated outputs to inputs and DEA is especially helpful for evaluating the performance where there are complex (or unknown) relations between multiple inputs and multiple outputs Cooper et al., 2006()
. 
DEA “avoids the need for recourse to prices or other assumptions of weights which are supposed to reflect the relative importance of the different inputs or outputs” Cooper et al., 2011()
.  As surveyed by Emrouznejad et al. 2008()
, with over 4,000 papers published in journals or book chapters over the last three decades, DEA has been used widely in different service industries to analyse efficiency. 


The DEA model maximizes the efficiency of each decision making unit (DMU) by maximizing the ratio of weighted outputs to weighted inputs subject to satisfying the condition that the weights are positive and that for every DMU, the efficiency score is less than or equal to unity.  Considering n DMUs (stations), m inputs and s outputs, 
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 as  non-Archimedean infinitesimal,  u and v as the weights for outputs and inputs, the formulation as suggested by Charnes et al. 1978()
 would be: 
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(Model 1)
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The dual and linear version of the formulation by ‘Charnes–Cooper’ transformation Charnes and Cooper, 1957()
 is where 
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 and 
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are weights for inputs and outputs respectively: 
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(Model 2)
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This is the variable return to scale (VRS) model. The 
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  constraint allows for the convex combination and eliminating it results in the constant returns to scale model (CRS) Cook and Zhu, 2008()
 . 
4 First Model: Efficiency of Railway Stations 

The main functions of a railway station as stated by Zemp et al. 2011()
 are to link a catchment area to the transport network, support transfer between the modes of transport, facilitate commercial use of real estate, provide public space and contribute to the identity of the surrounding area. Facilitating railway operations can be added to this list. In the first model, we want to analyse how well the existing capacity of the infrastructure is utilised at stations and how efficiently it is transformed into passenger entries, exits and interchanges as outputs. We define station capacity as “the ability of station infrastructure to accommodate necessary train services”.   This is in line with the definition of “macro capacity utilisation: Quantity of discrete steps to use railway capacity” by 2008(Khadem Sameni et al. (2011)

. Hence, in the manner that Yu )
 characterised “technical efficiency for railway companies”, we can define technical efficiency for stations as how efficiently infrastructure resources are utilised to accommodate train services. 
The main infrastructure resource at stations (for passenger operation) is the number of platforms. It is the equivalent of the number of quays for port efficiency analysis and the number of runways for airport efficiency analysis. Number of platforms are usually less than or equal to the number of tracks at the station. 

As trains usually only have one degree of freedom for movement along the track, the layout of a station is also very important for capacity utilisation. This concept does not exist for ports and airports as ships have two and planes have three degrees of freedom for movement, resulting in more flexible operation. Through lines are more efficient for operation of trains than terminating lines, as terminating lines need turnaround time for trains. To represent the layout of infrastructure in the inputs, we suggest using the percentage of through lines which is calculated as: 




Other inputs such as length of platforms (translating to quay length and runway area) and station staff can be added to the model but data on these items were not accessible for the case study. The number of staff at the station can be another input when general technical efficiency of stations is to be assessed (and not purely physical infrastructure capacity utilisation). Data for these two inputs was not available thus not used in the model. 



The output for the technical efficiency of the stations is suggested as the number of train stops at the station which can be extracted from the working timetable. 

5 Second Stage Model: Service Effectiveness of the Stations 

Service effectiveness as suggested by Yu 2008()
 for railway companies, tries to estimate how effectively produced intermediate outputs are consumed. This is in line with “micro capacity utilisation” as defined by Khadem Sameni et al. (2011)

.  The second stage service effectiveness model takes the output of the first stage model (the number of train stops at the station) as one of its inputs. One of the main inputs is the number of trains that stop at that station. Obviously, the trains that just pass through the station have no role in injecting passengers to the railway system from that station. There is an analogy between the ‘number of trains that stop at a station’ and ‘the number of ship calls’ in the ports efficiency analysis: the more trains stop at a station, the more passengers can be ‘lifted’ from that station to increase the throughput of that station.  No doubt, there is a logical limitation for the number of trains that stop at the station to be operationally efficient. Finding the proper number of stops for a station is one of the aims that DEA can provide. 

Another input for the stations is the potential demand in the ‘catchment area’ population. It is not just the number of trains stopping at the station that affects the station’s throughput: there should be passengers to get on the train or in other words ‘potential demand in the catchment area of the station’. One of the best indicators of this, as used in demand studies, is the catchment area population and the number of jobs available in that area. To this end, the total size of the population and the number of jobs available in the catchment area was chosen as the input for the data envelopment analysis model. Such data can be extracted from Geographic Information Systems (GIS) such as the research by Blainey 2009()
.
For the service effectiveness model we consider both output and input oriented models. The output oriented model analyses effectiveness of stations for maximising the number of passengers while keeping train stops constant whereas the input oriented model minimises the number of train stops while keeping the number of passengers constant. 


Outputs are the number of passenger entries and exits to the station (to reflect those passengers that start and end their journeys at that station) and another output as the number of passenger interchanges. Such data is available for the case study in the comprehensive station usage reports produced by Office of Rail Regulation in the UK or can be estimated through ticket sales data if not otherwise available. 

6 Case study: Top Busiest Train Stations in the Great Britain 

The 120 busiest train stations in the Great Britain were initially chosen in terms of passenger entries and exits to the station according to the station usage report Office of Rail Regulation, 2008()
. Train frequency for the stations of the case study were extracted from Common Interface Format (CIF) 2007 timetable files by using Perl scripts developed by  Armstrong et al. 2009()
. 
For this study, the catchment area was considered to be within a 4 minute drive to the station. The GIS extracted data for catchment area population or job opportunities were provided by Blainey 2009()
 and Blainey 2010()
.  The population and jobs figures in the catchment area of a few stations (St Pancras, Blackfriars and Stansted Airport) are zero and these three stations were excluded from the analysis. These figures are based on output area zones – and the spatial sizes of these are in turn based on population density, so that all output areas have populations of approximately the same magnitude.  Catchment areas of three stations are less densely populated compared to the London stations meaning that the output areas are large and the population-weighted centroid of the output area in which the stations are located is closer to a neighbouring station. These three stations effectively have no catchment when an all-or-nothing allocation of output areas to stations is used.  There is a general problem with defining catchments in this way in the areas with a high employment but low population density Blainey, 2009()
. Excluding stations located in Scotland where job opportunities data was not available and stations that had zero catchment population at the centre of the output area, the total number of stations in the case study was narrowed down to  96. The percentage of through lines was calculated manually by studying the station layouts National Rail, 2012()
. 
Table 5- Descriptive statistics of the case study data
	
	Fraction of through lines
	Number of platforms
	Number of trains with scheduled stop
	Population
	Jobs
	Total entries and exits 07-08
	Interchanges 07-08

	Average
	0.70
	6.2
	382.6
	20,537.0
	22,231.2
	10,051,630.5
	1,048,559.7

	SD
	0.39
	4.1
	236.5
	17,104.5
	22,197.4
	14,042,198.0
	2,091,589.6

	Min
	0
	2
	113
	108
	13
	2,502,752
	116

	Max
	1
	19
	1,357
	98,731
	128,595
	91,452,130
	17,863,239


6.1 Analysis of Results

The DEA models were solved according to the method of Emrouznejad and Thanassoulis (2011)
 with the bootstrapping option was enabled (1000 iterations). The efficient stations for technical efficiency or macro capacity utilisation are London Waterloo (busiest train station in Great Britain), East Croydon, Moorgate, London Waterloo (East) and Balham. Out of 96 stations, 14 stations are efficient in the service effectiveness (output oriented) model. By attracting passengers from the potential demand in the catchment, they efficiently transform train stops to passenger journeys represented by total entries and exits to the station and passenger interchanges between trains at that station. Details of top and bottom stations for each model are summarised in Table 6. 
Table 6- Top and bottom stations for service efficiency and service effectiveness models

	Type of efficiency
	Criteria  
	Name of the station 
	Score

	Technical Efficiency 
	Top 5 stations
	London Waterloo
	1.00

	
	
	East Croydon
	1.00

	
	
	Moorgate
	1.00

	
	
	London Waterloo (East)
	1.00

	
	
	Balham
	1.00

	
	Bottom 5 stations
	Hither Green
	0.26

	
	
	Southend Victoria
	0.25

	
	
	Peckham Rye
	0.20

	
	
	Highbury & Islington
	0.18

	
	
	Wimbledon
	0.15

	Service  effectiveness (Output oriented) 
	Top stations
	London Waterloo
	1.00

	
	
	London Victoria
	1.00

	
	
	London Bridge
	1.00

	
	
	London Charing Cross
	1.00

	
	
	London Euston
	1.00

	
	
	East Croydon
	1.00

	
	
	London Cannon Street
	1.00

	
	
	Clapham Junction
	1.00

	
	
	Birmingham New Street
	1.00

	
	
	Wimbledon
	1.00

	
	
	Moorgate
	1.00

	
	
	City Thameslink
	1.00

	
	
	West Hampstead Thameslink
	1.00

	
	
	Peckham Rye
	1.00

	
	Bottom 5 stations
	Dartford
	0.09

	
	
	Coventry
	0.08

	
	
	Bedford
	0.08

	
	
	Luton
	0.07

	
	
	Manchester Victoria
	0.05


It should be noted that the efficiency measurement by the DEA approach is relative to the group of stations chosen in the set. In other words, “A DMU is to be rated as fully (100%) efficient on the basis of available evidence if and only if the performances of other DMUs does not show that some of its inputs or outputs can be improved without worsening some of its other inputs or outputs” Cooper et al., 2011()
. Therefore, with a different group of stations, the efficiency frontier will change and so will the distance of other stations to this frontier. 
6.2 Tobit Regression 

Two interesting observations, based on the analysis of results, are presented in Table 7. 
Table 7- Analysis of Results

	
	Criteria 
	Number of 
Stations
	Average of Results
	SD

	Model 1
	Passenger-only
	31
	0.56
	0.24

	
	Mixed traffic
	65
	0.48
	0.18

	Model 2
	Located inside Greater London Area
	44
	0.49
	0.36

	
	Located outside Greater London Area
	52
	0.18
	0.13


DEA does not provide any explanation as to why certain stations are efficient or effective. Tobit regression is usually used in the final stage of DEA to assess the relationship between exogenous factors and DEA efficiency scores Hoff, 2007()
. Tobit regression is helpful for predicting censored data (when the values are clustered around a threshold) and truncated data (when data is censored below or above some threshold) Walker and Maddan, 2009()
. 
Although in this paper the focus is on passenger operations, platforms and tracks can be used for freight purposes as well. Such dual purpose stations may affect the results of model 1 as the number of passenger train stops may be limited by freight train movements. To study this, a Tobit regression is estimated with technical efficiency as the dependent variable and a dummy variable for station classification (0 if passenger only and 1 otherwise) as the independent variable.  Table 8 presents the resultant estimates.  
Table 8 – First Tobit regression 
	Efficiency
	Coef.
	Std. Err.
	T
	P>|t|
	[95% Conf. Interval]

	Passenger-only
	0.08
	0.05
	1.84
	0.07
	-0.01
	0.18

	_cons
	0.48
	0.03
	18.32
	0.00
	0.43
	0.53

	/Sigma
	0.21
	0.02
	
	
	0.18
	0.24


The coefficient value of passenger-only operations in the Tobit regression model is 0.08 which can be interpreted as, if we switch from a dual purpose station to a passenger only station, the technical efficiency will improve by 0.08 units. This estimate is statistically significant at the 10 percent level. 

For the results of service effectiveness (model 2), it is of interest to see whether being located in the Greater London Area has an impact on attracting more passengers and thus higher service effectiveness. Out of 96 stations studied, 44 are located in the Greater London Area and the catchment areas of these stations usually have good public transport links and passengers can also use the London Travelcard. Therefore, in the Tobit regression model, service effectiveness is used as the dependent variable and the dummy variable of London as the independent one. The results under Gaussian (normal) assumption are presented in Table 9.  As shown, there is a statistically significant correlation (at 1 percent level) between service effectiveness score and being located in the London area. On average, the service effectiveness of stations that are located in the Greater London area are 0.35 (the regression coefficient) more than other stations.   This is perfectly reasonable as  “barriers to passenger rail use” Blainey et al., 2012()
 are far less compared to other parts of the country. 
Table 9- Second Tobit regression 
	Efficiency
	Coef.
	Std. Err.
	t
	P>|t|
	[95% Conf. Interval]

	greater-london
	0.35
	0.06
	5.50
	0.00
	0.22
	0.48

	_cons
	0.18
	0.04
	4.22
	0.00
	0.09
	0.26

	/Sigma
	0.31
	0.03
	
	
	0.26
	0.36


7 Conclusions 

Stations are the bottlenecks of railway networks but appropriate methodologies do not currently exist to quantify and rank the relative performance and efficiency of stations. DEA is suggested as a new tool for railway capacity analysis at stations. Benchmarking from the application of DEA to ports and airports, this study presents two novel models for analysing relative macro and micro capacity utilisation at stations. The macro capacity utilisation or technical efficiency model analyses the efficiency of stations to handle trains stops with their infrastructure facilities. It uses the number of platforms and percentage of terminating lines as inputs and number of train stops as output. The service effectiveness model estimates relative efficiency of stations to attract potential demand in their catchment area and transforming train stops to passenger journeys or micro capacity utilisation. It uses number of train stops, catchment area population and jobs in the catchment area as inputs. The outputs of the model are total passenger entries and exits to/from the stations and passenger interchanges at the station.   
The models provide helpful insights for railway authorities and tactical planning of railways. Thanks to the nature of DEA, the inputs and outputs of models cover the multidisciplinary nature of capacity utilisation at stations. This enables bridging the previously fragmented important research areas like GIS based demand analysis, train scheduling and station layout. Moreover the models are linear and fast to solve.  The application of models is illustrated by a case study of the 96 busiest train stations in Great Britain. Such models can be used as a basis for advising optimum target value for inputs or outputs such as scheduled train stops at stations. 

For technical efficiency, all five stations with the efficiency score of 1 are located in the Greater London area. For service effectiveness, 14 stations are located on the output oriented frontier, of these 13 are in the Greater London area. This might suggest that the results are largely due to railway geography and aside from findings on station ownership (Network Rail or private operator), the implications may be limited. An important exception is Birmingham New Street, at least in terms of service effectiveness. This might indicate that the regional hubs should be considered elsewhere for example in Manchester. 
Follow up Tobit regression shows that passenger-only stations have higher technical efficiency in model 1 (by 8 percentage points) and stations which are located in Greater London Area have higher service effectiveness in model 2 ( by 35 percentage points). 
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Figure � SEQ Figure \* ARABIC �1�- Transforming inputs to outputs by a DMU 
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Figure � SEQ Figure \* ARABIC �2�- Stage 1: Schematic representation of the technical efficiency model for  train stations
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Figure � SEQ Figure \* ARABIC �3�- Stage 2: Schematic representation of the service effectiveness of train stations
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