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In the case of conventional rail lines, when disruptions occur, dispatchers have the difficult task of finding feasible rescheduling solutions rapidly so as to re-establish ordinary conditions as soon as possible. Despite the numerous contributions for automatic rescheduling proposed in the literature, this process is still totally controlled by dispatchers who decide according to their personal experience and under their own responsibility. Indeed, in many cases, it can be more advantageous to let the system revert to ordinary conditions without implementing any strategy rather than look for solutions which can reduce the discomfort perceived by passengers. In this article we propose a system of models for managing the rail system, combining a microscopic simulation model with an assignment tool which is able to consider passenger flows on the network. as a result, the disutility experienced by users during their trip can be evaluated and feasible intervention strategies can be assessed, taking into account the passengers’ perspective. an application on a real regional line in campania (Italy) shows the benefits of the proposed approach for performing off-line analyses of intervention solutions and helping dispatchers make decisions during critical events to increase service quality. 

 Keywords: Public transport management, rail network micro-simulation, real-scale network analysis, travel demand estimation. 

1 INTrODucTION

From a user point of view, one of the main strengths of rail transport systems is reliability, that is the ability to respect timetables and travel times. However, disruptions or disturbances to planned services can occur for several reasons (stochastic fluctuations of travel demand, infrastructure damage, convoy breakdowns, etc.), causing significant reductions in the level of service. Hence, one of the aims of the rail network operator is to minimize the duration of such disruptions and their negative effects. Indeed, when several different interventions can be applied to restore the usual service conditions, the operator is generally unable to evaluate rapidly the best for satisfying user needs, due to the lack of codified strategies for each anomaly. even if there may be a large number of scenarios of possible disruption on a railway line, a preventive examination of some of them so as to identify the most effective solutions can help decision-makers to find the best restoring solution. 

In this article, we propose a general procedure for evaluating the countermeasures that can be proposed for minimizing effects of disruptions and disturbances on the service from the point of view of the users; the general procedure is tested on a real-scale case study. In real contexts, the application of the proposed procedure to several common/probable disruption scenarios requires building a database of possible interventions able to help operators to take the best decisions to limit users’ discomfort; indeed, due to huge calculation times, since the decision has to be taken as soon as possible, there is no time to apply the procedure after the disruption occurs. 

In the literature, the study of disturbances and disruptions in railway contexts can be found in cacchiani et al. [1], D’ariano and albrect [2], D’ariano et al. [3], D’ariano [4], 
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[7–9], D’ariano et al. [10–11], mascis and Pacciarelli [12], and Quaglietta et al. [13]. 

The importance of considering user demand in the problem was highlighted by canca et al. 

[14–15], D’acierno et al. [16], Hamdouch et al. [17], Kanai et al. [18] and Zheng et al. [19]. 

Finally, effects of information systems on user behaviour and related quality perceptions were investigated by bifulco et al. [20], Dziekan and Kottenhoff [21], molina and Timmermans 

[22] and Paulley et al. [23]. 

This article is organized as follows: Section 2 focuses on the problem and the mathematical models and algorithms that can be adopted to simulate the whole network; Section 3 applies the proposed approach in the case of a real network; finally, conclusions and research perspectives are summarized in Section 4. 

2  PrOblem, mODelS aND algOrITHmS

The main assumption adopted in the proposed approach is that all features of the analysed rail network (lengths, slopes, curvature radiuses, signalling systems, etc.) and related service parameters (rolling stock, timetables, etc.) are known. Our analyses are based on the hypothesis that a disruption or a disturbance occurs on the network and the operator has to intervene to minimize the impacts on the service and, in particular, on users. Indeed, operators generally intervene only on the basis of their own experience; if a database of feasible interventions for each kind of disruption/disturbance was available, they could find a codified solution to apply. On the contrary, if the disruption/disturbance did not belong to the database, it would be examined afterwards for possible inclusion, and operators would be forced to intervene based only on their experience. 

In this article we propose a general procedure for building the database of disruptions/ 

disturbance and the corresponding possible interventions, with the objective of minimizing user generalized costs. moreover, this database can be further updated and expanded when a new (hitherto not considered) disruption or disturbance occurs. 

First of all, we have to be able to simulate the undisturbed scenario,  US, in a different time period,  h, in order to estimate the related generalized user costs,  ugch , in normal conditions; the results of these simulations will be used as baselines. For each time period,  h, the procedure for estimating the generalized user costs is reported in Fig. 1. The procedure consists in (a) implementing a supply model, in terms of infrastructures including signalling systems ( Ih), rolling stock ( RSh) and timetables ( TTh); (b) estimating the origin-destination matrix ( ODh) representing the transportation demand that uses the services; (c) a simulation model that is able to estimate the performances (actual headways and running times indicated as  HRTh) of the services on the rail network; (d) an assignment model and algorithm which, as a function of the supply model, demand and performances of the services, are able to estimate the user flows ( fh) on the network. The output of the procedure consists in the user generalized costs ( ugch). The same procedure can be used for estimating user generalized costs in the case of disruption/disturbance scenarios and related restoring strategies. 

Service performance is calculated by adopting a simulation model based on a ‘micro’ 

approach (details on simulation models can be found in Hansen & Pachl [24]) since (i) we need a high level of detail for simulating the effects of disruptions/disturbances on users and (ii) we have to simulate the network dynamically, considering the evolution of traffic conditions after the occurrence of disturbances to the service. Indeed, disruption/disturbance events produce dynamic phenomena which cannot be analysed statically, and therefore it is necessary to adopt a micro-simulation (mS) approach. 
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Figure 1:  Procedure for estimating the user generalized costs for each time period. 

In this article, we propose to adopt OpenTrack® software (Nash & Huerlimann [25]) as a mS tool within the procedure. This software allows us to build the supply model to a high level of detail and simulate the operation of services dynamically. moreover, the software gives the possibility to manage and modify input and output values (e.g. timetables, simulation results, dwell times) by importing/exporting txt files. Thus, other tools can be easily combined with OpenTrack®, allowing its potential to be extended. Formally, the mS model can be written as follows:



 HRTh =  MS( Ih,  RSh,  TTh h

) ∀  (1)

as regards the assignment, D’acierno et al. [26] proposed to split the interaction between travel demand and transportation systems into two different models: a  pre-platform model (PPm) and an  on-platform model (OPm). The PPm estimates the number of passengers arriving at each station in time period  h while the OPm assigns these passengers to the trains operating in the same time period, considering explicitly capacity limits of rail convoys as well as the resulting interaction with the service. In the following, we assume that the results of the PPm are known and only the results of the OPm will be considered affected by different scenarios. Indeed, our proposal is to simulate impacts of disruptions/disturbances on user travel times without considering possible effects on modal split or on total travel demand. 

In particular, the OPm analyses, for each train approaching a station, whether the residual capacity exceeds the number of boarding passengers. If this condition is not satisfied, it is necessary to distinguish between two possible contexts. In the first case, that is in the case of high-frequency services (e.g. similar to a metro line), only the portion of travel demand (i.e. 

waiting passengers) equal to the residual capacity is able to board the train while the surplus waits for the following trains. In the second case, that is in the case of low-frequency services (e.g. one train per hour or less), since waiting for a following train could require unfeasible waiting times, passenger could be forced to abandon the rail system and adopt a different transportation mode. Hence, in this second case, it is necessary to adopt feasible strategies to avoid users waiting on the platform for a following convoy should the capacity of the train be reached (a very seldom event on conventional lines) or if the line is interrupted. 
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(  f h,  ch) =  OPM( Ih,  RSh,  TTh,  ODh,  HRTh h

) ∀  (2)

where  fh is the user flow vector and  ch the user cost vector. Details on the OPm function, which expresses the implementation of the OPm model, can be found in D’acierno et al. [26]. 

In a cost-benefit analysis, it is necessary to monetize any improvement (benefit) or discomfort (cost) in order to compare them with intervention (or non-intervention) costs. Hence, it is necessary to calculate, for each analysed scenario, the user generalized cost which expresses a weighted sum of times and costs incurred by users during their trips. However, in the case of intervention strategies which do not provide any variation in user costs (such as in the case of ticket refunds for excessive delays), monetary terms may be omitted, leaving in the formulation only time terms which have to be monetized in order to compare them with intervention costs. In these contexts, the effects of strategies that we assume measured by means of the user generalized costs (i.e.  ugch) can be calculated as follows:


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where   VO

β  T expresses, for each user category  i, the amount of money which people are willing to spend to save one hour of travel time;  i

β

is a parameter which expresses the importance 

 waiting

(i.e. relative weight) attached to waiting times by users belonging to category  i;  twi,  r,  h s,  p  is the 

average waiting time of user category  i at station  s on platform  p between run ( r–1) and run  r;  fwi,  r,  h

 s,  p  is the number of passengers of user category  i waiting at station  s on platform p between run ( r–1) and run  r;  i β

is a parameter which expresses the importance (i.e. 

 on− board

relative weight) attached by users belonging to category  i to on-board time and depends on the crowding level within the coach (details on parameter values can be found in mVa consultancy [27]);  tbi,  r,  h

 l

is the time spent by users of category  i on board the rail convoy associated to run  r for travelling on link  l;  fbi,  r,  h l

is the number of passengers belonging to 

category  i who travel on the rail convoy associated to run r while crossing link  l. It is worth noting that terms  twi,  r,  h

 i,  r,  h

 i,  r,  h

 s,  p  and  tbl

are indicated in Fig. 1 as vector  ch and terms  fws,  p  and fbi,  r,  h

 l

are indicated as vector  fh. Obviously, these terms are calculated, respectively, by means of the mS model and the assignment model (especially the OPm, since we have assumed the PPm as fixed). 

It is worth noting that parameters  i

β

and  i

β

express the weight of time components 

 waiting

 on− board

compared to travel time in comfortable conditions (such as travelling by car). For this reason, mVa consultancy [27] provides term  i

β

increasing (i.e. higher than 1) with coach 

 on− board

crowding. However, in the applications we simplified the definition of  i β

by setting it 

 on− board

always equal to 1. moreover, in order to avoid any computational problem (i.e. undetermined conditions), we propose to fix parameter  iVO

β  T (for instance, to a literature value) so that the only unknown parameter to be determined is  i

β

. 

 waiting

With the above formulations, the database of disruptions/disturbances can be initialized in a first phase by adopting a failure model,  FM, for generating hypothetical failure conditions. 

This database could then be updated with the disruptions/disturbances that will occur and that do not yet belong to the database, according to the scheme in Fig. 2. 

The Fm determines the breakdown scenarios which are worth analysing. Indeed, since the proposed procedure is based on an off-line approach, it is necessary to investigate the failure 
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Figure 2:  construction of disruption/disturbance database. 

contexts which are likely to happen during the real service. In particular, the Fm adopts ramS (reliability, availability, maintainability and safety) techniques (see, for instance, ceNelec [28]) whose aim is to calculate at any life cycle step and for each component of the system, the expected failure rate and its effects on the service in the event of occurrence. 

examples include the interruption of a track section, the reduction in performance of the whole line or part of it, or the unavailability of a rail convoy. The database can also be built only with the historical occurrences of disruptions/disturbances without adopting an Fm. 

For each defined disruption/disturbance scenario, several countermeasures are tested using the simulation model and the one that minimizes the impacts on users is associated to the scenario. In the future, when the same (or similar) scenario occurs, the operator can find the best countermeasure to apply in the system. 

3  NumerIcal aPPlIcaTIONS aND relaTeD reSulTS

In order to show its utility and applicability in real cases, the proposed approach was applied on the regional railway line between Formia and Napoli centrale and its ‘Villa literno–

Napoli gianturco’ section, both located in campania in southern Italy. The line in question, consisting of 26 stations along a total length of 122.34 km (see Fig. 3), is a vital connection between the city of Naples (indicated in the figure with its Italian name Napoli) and several high-density towns along the coast, including those of the southern part of lazio, the region north of campania. It also connects Naples with rome and is used by highly heterogeneous rail traffic (intercity, regional, metropolitan and freight trains). High-speed trains do not use this infrastructure since there is another line which is exclusive to this kind of rail convoy. 

The section between Pozzuoli and gianturco passes through the city of Naples and is characterized by high-frequency services and short distances between stations. It is therefore considered a metropolitan section, namely line 2 of the Naples metro system. 

The simulated service concerns the ordinary timetable of a weekday from 6:00 to 13:00. 

This time period covers the morning peak hours during which trains are full of commuters. 

In all, there are 169 trains divided as follows: 12 intercity trains, 59 regional trains composed of three subcategories and 98 metropolitan trains. 

Obviously, each train category serves specific stations according to the planned path. 

Details about these paths are summarized in Table 1. moreover, no freight trains run in the simulated period since passenger trains consume all the available capacity. 

[image: Image 1]
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Figure 3:  Schematic representation of all stations within the ‘Formia–Napoli centrale’ section. 

Table 1:  list of stations served by each train category. 

Service

Path

Stations served

Intercity

Formia–Napoli 

Formia–aversa–Napoli centrale

centrale

regional type 1

Formia–Napoli 

Formia–minturno–Sessa aurunca–Falciano 

centrale

mondragone–Villa literno–aversa–Napoli centrale

regional type 2

Villa literno–

Villa literno–albanova–San marcellino Frignano–

Napoli centrale

aversa–Sant’antimo–Frattamaggiore–casoria–Napoli 

centrale

regional type 3

Formia–Napoli 

Formia–minturno–Sessa aurunca–Falcinao 

gianturco

mondragone–cancello arnone–Villa literno–

giugliano–Quarto–Pozzuoli–bagnoli–cavalleggeri 

aosta–campi Flegrei–Piazza leopardi–mergellina–

Piazza amedeo–montesanto–Piazza cavour–Piazza 

garibaldi–gianturco

metropolitan

Pozzuoli–Napoli  Pozzuoli–bagnoli–cavalleggeri aosta–campi gianturco

Flegrei–Piazza leopardi–mergellina–Piazza amedeo–

montesanto–Piazza cavour–Piazza garibaldi–gianturco


3.1  The definition of failure contexts

as stated in the previous section, the Fm provides the failure scenario which has to be simulated. For the sake of simplicity, in this application ramS analyses are neglected. Such surveys are generally carried out by rail operators and/or manufacturers and failure rates of each component are already available. However, although hypothesized, the simulated failure scenarios are plausible since they are drawn from real occurrences in the past. In particular, 
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we considered the interruption of a track section in four different points of the network as follows:

1.  a service interruption of two hours (i.e. from 7.00 to 9.00) to the odd track (i.e. direction Formia–Napoli) between the stations of minturno and Sessa aurunca; 2.  a service interruption of two hours (from 7.00 to 9.00) to the odd track (direction Formia–

Napoli) between casoria and Napoli centrale; 

3.  a service interruption of two hours to the odd track (direction Formia–Napoli gianturco) between the stations of Pozzuoli and bagnoli; 

4.  a service interruption of four hours (i.e. from 7.00 to 11.00) of both tracks near albanova. 

For each disrupted scenario, the following test cases were assessed:

•  the non-intervention strategy, i.e. the dispatcher waits for the end of the disruption without modifying the planned timetable; 

•  intervention strategy applied after 30 min from the occurrence of the failure event; 

•  intervention strategy applied immediately after the occurrence of the failure event. 

It is worth noting that all failure scenarios and related intervention (or non-intervention) strategies have limited time durations. Therefore, we may assume that none of the passengers leaves the rail system, but everyone is waiting to travel. Hence, disruption effects can be expressed in terms of variation in passenger waiting times. 

The aim of the application was to demonstrate the importance of reacting as rapidly as possible to minimize the degradation of the service quality during disruptions. Indeed, since no emergency timetables are generally planned by rail operators, dispatchers have to make decisions they will be responsible for based on their personal experience and they sometimes prefer to leave the system without any kind of intervention. by adopting a decision support system such as that proposed in this article, it is possible to determine feasible solutions which can be standardized and implemented in real time in case of necessity. 


3.2  Implementation of the simulation model

The first step for running the procedure is the microscopic reproduction of the line by means of OpenTrack® software. For this purpose, the infrastructure was represented with the maxi-mum level of detail in terms of both distances and signalling system. The latter is based on the bacc (i.e. Italian coded track circuit) train spacing system with the addition of the ScmT which is the Italian standard for the eTcS level 1 (for more details on the signalling system see, for instance, Pachl [29]). Furthermore, the Villa literno–Napoli gianturco section is based on contra-flow tracks, meaning that trains can be run indifferently on both even and odd tracks without reducing their speed. 

as far as the train characteristics are concerned, the whole fleet running on this line com-prises seven different train models whose main features adopted for the application of the simulation model and OPm are summarized in Table 2. 

However, the simulation model was also developed by considering movements of the rolling stock. Hence the delay of a rail convoy also produces delays in all runs in a day performed by using the same rolling stock. Finally, to simplify the disruption analysis, we do not consider the use of additional rolling stock to reduce delay propagation as an intervention strategy. 
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capacity 

max speed 

length  

rolling stock

(pass.)

(km/h)

(m)

TaF train (regional double-decker train)

841

14

104

minuetto train (regional train)

284

160

52

regional train

452

140

132

Inter-regional train

520

160

185

metropolitan train

328

140

102

eTr 450 (i.e. intercity high-speed train)

390

250

234

Intercity train (8 coaches)

504

200

228


3.3  Definition of travel demand

The assignment of travel demand to the service requires the definition of passenger flows arriving at the station prior to the departure of each train. For this specific application, information about the travel demand (i.e. PPm outputs) were obtained from the population census data provided by ISTaT (the Italian National Institute of Statistics). In this way, for each train category, four different matrices were obtained which correspond to different time intervals (before 7:15, 7:15–8:15, 8:15–9:15, after 9:15). Since it is not possible to obtain detailed mobility information after 9:15, it is assumed that all trains performing the service between 9:15 and 13:00 have the same matrices. 

The procedure adopted to obtain these data can be mainly divided into two phases: (a) for each station, the catchment area is determined. Thus, all municipalities served by that station are identified; (b) for each municipality, the number of people who take the train to reach one of the other municipalities served by the other stations on the line can be extracted from the ISTaT database. Information about the four time intervals is also provided. Obviously, this process has to be repeated for each station on the whole line. 

Since the adopted procedure provides passenger movements between municipalities, it is not possible to determine detailed information of movements within each district. Hence line 2 stations (i.e. on the metropolitan line within Naples) are not included in the OD matrix and we assumed that the total number of users travelling within Naples (drawn from the ISTaT 

database) is equally split between all metro lines of the city. Finally, just three main stations of line 2 were considered (i.e. Napoli Piazza garibaldi, Napoli mergellina and Napoli campi Flegrei). 

3.4  Interaction between rail service and travel demand In order to implement rail system analysis, the OPm (i.e. the interaction between the rail service simulated by OpenTrack® software and travel demand calculated as shown in the previous subsection) was applied 12 times in order to determine user generalized costs for each of the four failure scenarios in the case of the three different intervention strategies. 

Obviously, these analyses were compared with the ordinary service condition in order to have an idea of the total generalized cost perceived by users when there are no problems affecting the system. 
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3.4.1  analysis of the ordinary service

The ordinary service was simulated by adopting parameter values shown in Table 3. These values were drawn from previous surveys proposed in the literature (cascetta [30], Wardman 

& Whelan [31]), highlighting the fact that waiting time is generally almost two to three times more burdensome than time spent on board. moreover, the dwell times at stations are not considered as flow dependent but as constant values (i.e. planned dwell times), meaning that the planned dwell times are sufficient for all passengers to board and alight. 

The results obtained by applying OPm are shown in Table 4. The great difference in terms of total cost between the two travel directions is due to the higher attractiveness of Naples, home to universities, several hospitals, offices and banks. The city therefore experiences large commuter flows. However, intercity trains in the opposite direction (i.e. Napoli–Formia towards rome) are also crowded due to the presence of workers and students travelling towards Italy’s capital. 

3.4.2  analysis of the first disrupted scenario

The first simulated scenario involves a service interruption of two hours (i.e. from 7.00 to 9.00) to the odd track (i.e. Formia–Napoli direction) between the stations of minturno and Sessa aurunca (see Fig. 4), that is before the node of Villa literno. 

In the case of non-intervention, all trains on the odd track are forced to wait for the end of disruption to start their runs again. This causes a propagation of the delay which affects eight consecutive trains and entails a 39.2% increase in generalized costs (see Table 5). 

Table 3:  Parameter values of the objective function. 

Parameter

Value

 β


2.5

waiting


 β


1.0

on-board


 β

5.0 euro/hour

VOT

Table 4:  user generalized costs in ordinary conditions. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,396.85

€ 11,329.06

€ 18,243.22

€ 30,969.13

Napoli–Formia

€ 1,878.40

€   2,490.36

€ 13,201.20

€ 17,569.96

€ 48,539.09

Napoli 

Formia

Villa Literno

Centrale

Rome

Gianturco

Figure 4:  graphic representation of the Scenario 1 failure. 
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Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 3,593.59

€ 20,292.75

€ 25,887.24

€ 49,773.58

Napoli–Formia

€ 1,878.40

€   2,706.51

€ 13,201.20

€ 17,786.11

€ 67,559.69

In particular, trains on the even track (i.e. Villa literno–Formia direction) are not influenced by the disruption since they can continue to run without any interruption. 

Therefore, the first intervention strategy (based on the assumption that dispatchers wait 30 min before applying the strategy) is to enable the trains on the odd track to use the even track alternately. In particular, since this section of the line is not based on contra-flow tracks, the trains heading towards Napoli centrale have a speed restriction of 90 km/h. upon analysing the results, it emerges that, due to the alternate circulation, both directions are affected by delay (see Table 6). However, delays are notably lower than the previous case, that is only +8.3% with a reduction of 30.9%. Indeed, passengers travelling on the odd track experience a lower disutility while users travelling in the opposite direction undergo a slight increase in costs. 

Finally, the last strategy consists in enabling alternate circulation immediately after breakdown occurrence. as expected (see Table 7), delay propagation in both directions is lower than in the previous cases, which results in calming the negative effects of the disruption more rapidly. In this case, the increase in user generalized costs is just 4.1% higher than under ordinary service conditions (i.e. 35.1% lower than with respect to the non-intervention strategy). 

Table 6:  user generalized costs: Scenario 1 with the first intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,778.38

€ 12,684.36

€ 19,044.51

€ 33,507.25

Napoli–Formia

€ 2,475.00

€   2,509.45

€ 14,060.62

€ 19,045.07

€ 52,522.32

Table 7:  user generalized costs: Scenario 1 with the second intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,651.95

€ 11,444.52

€ 18,780.51

€ 31,876.98

Napoli–Formia

€ 2,345.16

€   2,908.74

€ 13,412.36

€ 18,666.26

€ 50,543.24
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3.4.3  analysis of the second disrupted scenario

The second failure scenario (Fig. 5) is based on a service interruption of two hours (from 7.00 

to 9.00) to the odd track (Formia–Napoli direction) between casoria and Napoli centrale, that is the last part of the line before reaching the main station of the city of Naples. 

The non-intervention strategy produces large delays which affect both directions (i.e. the even and odd direction). This is due to the fact that the faulty section is near Napoli centrale and therefore, because of the interlocking system, some routes are blocked and thus not available, thereby influencing the opposite direction. In this case the increase in user generalized costs is 69.0% (see Table 8). 

by enabling alternate circulation 30 min after the beginning of the disruption (i.e. the first intervention strategy), the benefits to the service are considerable (Table 9), since the increase in generalized costs is 17.9% (i.e. 51.1% lower with respect to the non-intervention strategy). 

Obviously, the situation further improves if alternate circulation is imposed as rapidly as possible (second intervention strategy). Indeed, as shown in Table 10, both even and odd trains accrue fewer delays, which results in a higher service quality level during the degraded regime with only a 9.7% increase in generalized costs (i.e. 59.2% lower than the non-intervention strategy and 8.2% lower with respect to the first intervention strategy). 

3.4.4  analysis of the third disrupted scenario

contrary to previous simulations which affected the main line between Formia and Napoli centrale stations, Scenario 3 considers a two-hour service interruption to the odd track (Formia–Napoli gianturco direction) between the stations of Pozzuoli and bagnoli, namely a small section of the metropolitan branch which passes through the city of Naples (see Fig. 6). 

Napoli 

Centrale

Formia

Villa Literno

Rome

Gianturco

Figure 5:  graphic representation of the Scenario 2 failure. 

Table 8:  user generalized costs: Scenario 2 without any intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 2,753.00

€ 42,849.01

€ 18,423.22

€ 64,025.23

Napoli–Formia

€ 1,878.40

€   2,908.74

€ 13,201.20

€ 17,988,34

€ 82,013.57

Table 9:  user generalized costs: Scenario 2 with the first intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,447.25

€ 13,611.27

€ 18,423.22

€ 33,481.74

Napoli–Formia

€ 5,358.79

€   5,186.53

€ 13,201.20

€ 23,746.52

€ 57,228.26
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Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,446.33

€ 13,014.24

€ 18,423.22

€ 32,883.79

Napoli–Formia

€ 2,163.92

€   5,005.32

€ 13,201.20

€ 20,370.44

€ 53,254.23

Napoli 

Formia

Villa Literno

Centrale

Rome

Gianturco

Figure 6:  graphic representation of the Scenario 3 failure. 

actually, due to the high frequency, the number of trains affected by the disruption is higher than the previous two scenarios. In addition, metropolitan trains are more crowded which is why the user generalized cost is almost three times higher than the ordinary service (see Table 11). as expected, passengers on intercity and regional trains do not perceive any increase in delay and travel time since the line between Napoli centrale and Villa literno is completely independent. 

If the alternate circulation regime is introduced 30 min after the section is closed (Table 12), since the branch ‘Villa literno–gianturco’ is totally based on contra-flow tracks, there are no speed restrictions and trains can run at peak performance. as a consequence, running times remain the same in both directions and increases in generalized costs amount to 60.3% 

(i.e. 120.8% lower than the non-intervention strategy). 

Table 11:  user generalized costs: Scenario 3 without any intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,396.85

€ 11,329.06

€ 99,328.92

€ 112,054.83

Napoli–Formia

€ 1,878.40

€   2,490.36

€ 20,054.60

€   24,423.36

€ 136,478.19

Table 12:  user generalized costs: Scenario 3 with the first intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,396.85

€ 11,329.06

€ 31,199.71

€ 43,925.62

Napoli–Formia

€ 1,878.40

€   2,490.36

€ 29,528.15

€ 33,896.91

€ 77,822.53
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moreover, in the case of a prompt reaction (i.e. the second intervention strategy) disturbance effects are reduced especially in the case of high-frequency services where conflicts between trains arise very rapidly. Indeed, as shown in Table 13, increases in passenger delays are only 12.1% (i.e. 169.1% lower than the non-intervention strategy and 48.3% lower than the first intervention strategy). 

3.4.5  analysis of the fourth disrupted scenario

The disruption simulated in Scenario 4, where because of an accident involving a person, there is a four-hour interruption (i.e. from 7.00 to 11.00) of both tracks near albanova station, is completely different. as a consequence, the infrastructure manager has to interrupt the service between Villa literno and Napoli centrale (see Fig. 7). 

Therefore, all intercity and regional trains running through this section are forced to stop and experience considerable delay. This inconvenience is highlighted by the objective function values in Table 14, where the increase with respect to the ordinary conditions is 229.3%. 

as a first intervention strategy, 30 min after the failure event, it is hypothesized that the node in gianturco is used to maintain the connection between Formia (or rome via Formia) and Naples via Villa literno, so as to satisfy most of the passenger flow. This means that, within the Villa literno–gianturco section, intercity, regional and metropolitan trains run all together. In addition, the trains within the section ‘Villa literno–Napoli centrale’ during the breakdown occurrence travel as far as Napoli centrale, enabling the connection to new runs travelling on the metropolitan line. 

It can be seen that the higher discomfort experienced by metropolitan passengers is com-pensated by the great reduction in that of intercity and regional train users (Table 15), where the total cost is still high (+97.5%) since many commuters remain unserved for a long period especially within the Villa literno–Napoli centrale section. 

likewise, the second intervention strategy concerns the same rescheduling solutions which are applied immediately after section closure. In this case, the benefits provided are not so considerable (see Table 16). Indeed, the total cost decreases by only 3.7% with respect to the previous recovery plan. However, both values are much better than the non-intervention solution which, albeit optimal from an operational point of view, does not take customer needs into account, providing an increase in user delay of 131.8% and 135.6% compared to the first and second intervention strategy, respectively. 

Table 13:  user generalized costs: Scenario 3 with the second intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 1,396.85

€ 11,329.06

€ 22,720.69

€ 35,446.60

Napoli–Formia

€ 1,878.40

€   2,490.36

€ 14,581.02

€ 18,949.78

€ 54,396.38

Napoli 

Formia

Villa Literno

Centrale

Rome

Gianturco

Figure 7:  graphic representation of the Scenario 4 failure. 
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Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 6,746.84

€ 101,735.04

€ 18,243.22

€ 126,725.10

Napoli–Formia

€ 7,716.80

€   12,207.33

€ 13,201.20

€   33,125.33

€ 159,850.43

Table 15:  user generalized costs: Scenario 4 with the first intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 2,033.32

€ 45,830.53

€ 18,454.87

€ 66,318.72

Napoli–Formia

€ 4,270.18

€ 12,135.93

€ 13,132.09

€ 29,538.20

€ 95,856.92

Table 16:  user generalized costs: Scenario 4 with the second intervention strategy. 

Service class

Direction of travel

Total

Intercity

regional

metropolitan

Formia–Napoli

€ 2,033.32

€ 45,614.72

€ 18,483.57

€ 66,131.61

Napoli–Formia

€ 2,363.95

€ 12,066.19

€ 13,481.86

€ 27,912.00

€ 94,043.61

4  cONcluSION aND FuTure reSearcH

The aim of this article was to propose a system of models for assessing the effects on customers of different intervention solutions after the occurrence of failure events to regional rail lines. Simulation of discomfort experienced by users (i.e. waiting and running times) during their trip resulted in the evaluation of the total generalized cost of the strategy. The core of the procedure was based on a microscopic rail simulation (i.e. OpenTrack® software) combined with a dynamic assignment tool (i.e. the OPm) for considering passenger flows within the network where typical passenger behaviour on the platform of low-frequency rail services can be faithfully simulated, providing an estimation of the generalized cost which is closer to the real phenomenon. application on the regional ‘Formia–Napoli centrale’ railway line and its metropolitan section ‘Villa literno–gianturco’ shows the effectiveness of the proposed approach for evaluating the service quality offered to passengers during degraded operation regimes. 

In terms of future prospects, it would be worth combining the presented system of models with an optimization algorithm so as to overcome the limits of a what-if approach (i.e. auto-matically selecting a limited set of intervention strategies) and increase the computational efficiency of the whole methodology. It would also be necessary to perform sensitivity analyses of recovery solutions by means of stochastic simulations in order to enhance the feasibility of the outputs provided. 
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