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Abstract
This paper investigates the effectiveness of global strategies for real-time railway traffic optimization. In the last years, this research area experienced an increasing interest due to the expected growth of traffic and the limited possibilities of enhancing the infrastructure, which increase the needs for efficient use of resources and the pressure on traffic controllers. We carry on our study using an advanced computerized dispatching system, called ROMA (Railway traffic Optimization by Means of Alternative graphs). This system is able to optimize the future evolution of the railway traffic while taking into account accurately the actual train positions and dynamics, as well as railway signaling and operating rules and conditions. Specifically, we compare local versus global optimization strategies for train reordering and rerouting, and estimate the potential of the new concept of dynamic traffic management. An extensive computational study is carried out, based on a dispatching area of the Dutch railway network. We study practical size instances and different types of disturbances, including train delays and blocked tracks. Our results show the high potential of ROMA dispatching system as a support tool to improve punctuality.
Keywords: Railways, Traffic Optimization, Disturbance Management. 
1. Introduction

The expected growth of railway traffic and the limited budget available to build new infrastructure ask for a more efficient use of existing resources. Railway business strongly needs to improve the quality of service, accommodate growth and meanwhile reduce the costs. In recent years, the punctuality of the railway system in the Netherlands was about 80% (delay < 3 min). The government demands a future level of at least 87% (2007). 
Performance management is achieved by railway managers carefully designing an off-line plan of activities and operating in real-time with strict adherence to it. A number of  problems is addressed in this context, including, e.g., the best use of the rail infrastructure and rolling stock (Goverde, 2005). However, train operations are intrinsically stochastic and traffic needs to be dynamically managed, especially in case of large delays and blocked tracks. When real-time disturbances occur dispatchers cope with unplanned events introducing changes in the timetable, making it compatible with the status of the rail network. The objectives of real-time dispatching consist of minimizing the timetable modifications while maximizing train punctuality (Törnquist and Persson, 2006). 
In The Netherlands, several new approaches have been proposed to construct and manage the timetable, giving higher priority to reliability and operations in the design process (Middelkoop, and Hemelrijk, 2005). Two main strategies are studied to improve the timetable reliability:
· Development of robust detailed timetables including specific running time supplements and buffer times to handle minor disturbances. This strategy requires to develop reliable estimation of delay propagation (Yuan, 2006) in such a way that the amount of disturbances absorbed by the time reserves is increased.
· Development of timetables in which less details are fixed in the planning and more control decisions are left to the dispatcher (Schaafsma, 2001). The larger degree of freedom left to real-time traffic control should allow a better recovery of delays. This approach, called Railway Dynamic Traffic Management (RDTM), requires to develop effective real-time dispatching procedures in order fully exploit such degree of freedom.
At a certain extent, these two strategies are complementary, since they both aim to improve punctuality of train operations. A similar approach has been recently applied by (Chang and Chung, 2005) on a two-way track linking two terminal stations in Taiwan. In this paper, we evaluate the real-time traffic management performance, for a dispatching area of the Dutch railway network, under different degrees of freedom and when using RDTM procedures. 
In case of real-time timetable disturbances, traffic controllers use dispatching procedures to adjust train routes, orders and speeds. An extensive classification of the dispatching techniques can be found in (Takeuchi and Tomii, 2005). Dispatchers may be supported in this activity by several computerized decision support systems. An extensive review on the literature on train dispatching is presented in (Törnquist, 2005). Most existing dispatching systems operate based on local information and decisions are taken locally, "on the spot and now". These systems are able to provide viable solutions only for small instances or for simple perturbations and the chosen traffic control actions are often sub-optimal. For instance, (Olsson and Hauglund, 2004) report the factors that affect train punctuality for the Norwegian Railways, (Kauppi et al., 2006) explain the limitations of the dispatching process in Sweden and (Geitz, 2007) gives an overview of the urgent need for railway traffic management tools in emerging economies. Advanced real-time traffic management systems should take into account the whole traffic in a larger area, detecting future conflicts among train movements (that have direct impact on the level of punctuality), automatically calculating optimal traffic flow and suggesting possible change of orders or routes to the dispatcher, as well as displaying advisory speeds to the train drivers. 
In this paper, we compare two dispatching procedures. The first is based on local information, a common practice in railway real-time management, and is similar to the ARI system used in The Netherlands. The second is an advanced dispatching procedure implemented in the recently developed ROMA (Railway traffic Optimization by Means of Alternative graphs) software, an optimization tool based on global information. This tool is able to estimate and control the future evolution of the railway traffic considering actual train positions, signaling and safety operating rules and conditions, as well as dynamic train characteristics. In our terminology, a conflict occurs whenever a train requires a block section which is not available, i.e., occupied by another train or temporarily blocked. The mathematical models, algorithms for conflict resolution and applications of ROMA software are described in (D'Ariano et al., 2006a, 2006b, 2006c, 2006d, 2006e, 2006f).
The problem of defining train routes and orders at stations, junctions and passing points is modeled as a job shop scheduling problem with additional constraints. The alternative graph formulation (Mascis and Pacciarelli, 2002) is used to model the problem and a truncated branch and bound procedure (D'Ariano et al., 2006c) finds an optimal train schedule at a network scale. Precisely, a re-scheduling module computes a conflict-free schedule, being fixed the route of each train. A local search heuristic (D'Ariano et al., 2006a) is next used to select an alternative route for some trains with the aim of further reducing train delays. The re-routing actions are then evaluated and an iterative re-scheduling procedure is performed within strict time limits. We consider the blocking time theory, as described, e.g., in (Pachl, 2002), to compute the minimum separation between consecutive trains and refer to the Dutch signaling system (Goverde, 2005). The resulting solution minimizes train delays with respect to a disrupted timetable and is compatible to the real-time train positions and speeds.
Computational experiments based on the Dutch rail network are presented. The railway area is around 50 km long and consists of the Utrecht - Den Bosch link and the Den Bosch station. We consider a provisional, cyclic and hourly timetable for 2007, which contains around 40 trains each hour. In this paper, the railway traffic simulation includes both passenger and freight trains but dispatching solutions are computed without introducing priorities between the running trains. Given a disturbance, i.e. entrance delay or blocked track, a new feasible plan has to be produced within a short time period. In our experiments, for each perturbed situation we generate several feasible schedules by using different configurations of the dispatching system. This allows us to quantify the effects of various traffic management strategies. 
In the next section, we describe the basic strategies of Dynamic Traffic Management. Section 3 deals with the architecture of ROMA dispatching system, while our computational experience is shown in Section 4.  Some conclusions on the effectiveness of RDTM are drawn in Section 5. 
2. Railway dynamic traffic management
The starting point of RDTM is the fact that the trains behave in real-time differently from what planned in the timetable. When the amount of disturbances is larger than a certain level, decisions have to be taken that modify the plan of operations scheduled in the timetable, in order to reduce delay propagation. The idea of RDTM is that the higher freedom is left to real-time traffic control the larger chance is to improve rail traffic performance. The RDTM principles, proposed by (Schaafsma, 2001), consist basically of the following dynamic strategies: 
1. Strict arrival/departure times can be replaced with time windows of [minimum, maximum] arrival/departure times. In this case the operational timetable, used by railway managers, includes both minimum and maximum arrival and departure times, while the public timetable, available to passengers, includes the maximum arrival time and the minimum departure time only. The higher travel times should be compensated by a higher reliability of the passenger timetable, i.e. travel times and connections. This allows a greater possibility of managing traffic in real-time, and a better use of time reserves.
2. The order of trains at overtakes and junctions can be provisional, or even partially defined in the operational timetable and finally determined in real-time. In the latter case, the timetable may contain conflicts to be solved during operations. Enabling change of order in real-time may allow to drastically reduce delay propagation.
3. The default platform for a train at a station can be replaced by a set of feasible platform tracks, leaving the final choice to real-time control. In this case, additional dynamic information system would guide the passengers to their trains. The operational timetable might also specify several routing options for each train, thus enabling a better use of rail infrastructure.
(Middelkoop and Hemelrijk, 2005) investigated the possible effects of introducing the Schaafsma’s RDTM principles in the real-time traffic management by using the network simulation tool SIMONE. Then, (Middelkoop and Loeve, 2006) carried on a computational analysis adopting the simulation software FRISO. Finally, (Schaafsma, 2007) implemented its RDTM principles in the practice of train dispatching at the Schiphol railway bottleneck. In all these papers, the proposed RDTM principles are applied by using simple dispatching procedures based on local information. Their experiments show that RDTM principles may yield significant punctuality improvements. In (D’Ariano et al., 2005), the first two Schaafsma’s RDTM principles are evaluated in combination with advanced scheduling algorithms based on global information. The computational experiments were based on a small network with a limited number of trains. However, even these preliminary experiments show the high potential of RDTM principles in combination with the use of advanced dispatching procedures. Here, we make use of ROMA dispatching system, which enables controlling a larger area and a larger number of trains, and fully evaluating RDTM principles. 
3. Architecture of ROMA dispatching system
ROMA dispatching system is composed by the following modules (Figure 1):

· Load information, i.e. the current infrastructure status, the current timetable, the current position and speed of all trains, and forecast the time needed to complete the next scheduled operations (e.g. entrance delay of a train in the network, dwell time perturbations, etc.); 
· Disruption recovery: given a default route and a prioritized set of rerouting options, find a feasible routing for each train, avoiding eventually blocked tracks;
· Real-time optimization: given a set of dynamic traffic management strategies, i.e. flexible orders, routes and departure times, generate the corresponding alternative graph and find a new conflict-free schedule by rescheduling and/or rerouting trains. In this phase the minimum traversing time of a block section for a train is considered fixed;

· Feasibility check: given the conflict-free schedule computed by the previous module, check if the solution is consistent with train dynamics and if the blocking time of each train in each block section overlaps with those of the following trains, i.e. if the distance headway between two or more trains is not respected;
· Speed updating: given an overlap of blocking times, regulate the speed according to the current signal aspect, infrastructure and rolling stock characteristics.
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Figure 1: System architecture of real-time train dispatching system
3.1. Load information

This module loads all the information, which is required by the other modules. The operational timetable contains a list of arrival/departure times (time windows of minimum/maximum arrival/departure times) for a set of relevant points in the network, including all the station platforms visited by each train. The infrastructure consists of a set of available block sections delimited by signals. Infrastructure data includes the status and length of each block section and other characteristics, such as speed limitations and the traversing direction. The data associated with each train includes speed and position at its entrance of the network, acceleration and braking curves (calculated on the basis of traction force/speed diagrams and maximum speeds) and an prioritized list of routing options. At any time a route, i.e. a sequence of block sections, is feasible if none of its block section is blocked. Finally, the blocking time for each pair (train, block section) is computed by this module on the basis of current rolling stock characteristics and infrastructure data. The proposed dispatching system is a laboratory version, which is tested on an off-line data set and does not include coupling to actual train monitoring data. A discussion of the real-time applicability of the dispatching system and the necessary communication links between the circulating trains and the traffic control centers can be found in (D’Ariano et al., 2006d).
3.2. Disruption recovery
After the loading phase, the disruption recovery module checks if there are blocked zones in the network, which make infeasible some route. Then, this module discards infeasible routes from the list of available routes for each train, and assigns to each train the feasible route with highest priority, called the default routing. 

If no feasible route is available for a train the system asks for an external support by the human dispatcher. In such cases, emergency timetables are used and train routes are strongly modified, e.g. enabling a train to reverse the running direction.
3.3. Real-time optimization
The real-time optimization module (D’Ariano et al., 2006a, 2006c) is the decisional kernel of the traffic management system and is in charge of detecting and solving conflicts. This task is decomposed into two sub-tasks: (i) given a feasible route for each train, define a schedule for each train, i.e. define its entrance time on each block section; (ii) given the train schedules, search for routing options potentially leading to better schedules. The two sub-tasks are executed iteratively until no improvement is possible within a time limit of computation (Figure 1). 
The conflict detection and resolution problem is modeled by means of the alternative graph formulation as in (Mascis, Pacciarelli and Pranzo, 2004). Since a train must traverse the block sections in its route sequentially, a route is modeled, in the alternative graph, with a chain of precedence constraints. Since a block section cannot host two trains at the same time, a potential conflict occurs whenever two or more trains require the same resource. In this case, a passing order must be defined between the trains, and is modeled introducing in the graph a suitable pair of alternative arcs for each pair of trains traversing a block section. A conflict-free schedule is next obtained by selecting one of the two alternative arcs from each pair, in such a way that there are no positive length cycles in the graph. Precisely, a positive length cycle in the graph corresponds to a deadlock situation. In order to evaluate a schedule, we use as performance index of a solution the maximum consecutive delay, which is the maximum delay introduced when solving conflicts in the dispatching area, i.e., the objective function is the minimization of the largest conflict in the network (D’Ariano et al.,2006c). This is caused by the propagation of the input delays of late trains to the other trains in the railway area. The average consecutive delay is therefore the average delay due to conflicts between trains running in the simulation period at all the relevant points for which a planned arrival time is specified in the timetable. Relevant points include all the stations and the exit point of each train from the network.
The main value of the alternative graph is the level of detail that can be included in the model. In fact, this graph incorporates a description of the network topology at the level of railway signal aspects and operational rules. Moreover, it can easily include other constraints relevant to the railway practice, such as minimum required time for rolling stock and passenger connections (D’Ariano et al., 2006a), route booking for trains approaching a station or a corridor (D’Ariano et al., 2006b), and flexible arrival/departure times at scheduled stops (D’Ariano et al., 2005).
As for solution algorithms in ROMA dispatching system, task (i) is performed by using two optional scheduling algorithms. Both algorithms require that a routing for each train is given and a fixed traversing time of each block section is known in advance, except for possible additional waiting time needed to solve conflicts. The first scheduling algorithm is the branch and bound algorithm (BB) described in (D'Ariano et al., 2006c), which is able to sequencing instances of practical size within short computation times. The second scheduling algorithm, described in (D'Ariano et al., 2006a), simulates the practice of traffic management adopted in the Netherlands. This algorithm is based on the ARI system (Berends and Ouburg, 2005), a semi-automated system which detects and solves train conflicts one at a time. Our implementation is a completely automated version of the ARI system, simulating the behavior of the human dispatchers using priority rules, i.e. what if scenarios. 
Task (ii) is performed by implementing a local search heuristic, described in (D’Ariano et al., 2006a). Given the schedule of task (i), the heuristic analyzes all the feasible routes of each train, searching for a train route that enables a reduction of train delays and a better use of the available rail capacity in presence of timetable disturbances. Whenever a better schedule is found, the new route is set as default route and the search is repeated, until no improving routes are found or a given time limit is reached. 
3.4. Feasibility check and speed updating
The schedule resulting from the previous module is computed without taking into account the impact of train deceleration and acceleration in case of hindrance (D’Ariano et al., 2006c), i.e. the traversing time of each train on each block section is computed assuming green signal aspects. On the basis of the blocking time theory, the feasibility check module verifies whether the schedule is compatible with the actual train dynamics and signal aspects or not, which is the case when a train traverses a block section with yellow signal aspect. In the latter case, the speed updating module (D’Ariano et al., 2006d, 2006e, 2006f) adjusts the train speed profile according to typical driver behaviors and to the dynamics of the rolling stock. This check-update activity is performed for increasing time values until a schedule with admissible train dynamics is obtained.  
4. Computational experiences
This section reports on our experiments on a large sample of practical size instances. Our test case is based on the dispatching area of Utrecht Den Bosch, a bottleneck of the Dutch railway network. We study the network simulating several disturbed traffic conditions. Dispatching algorithms are implemented in C++ language and executed on a laptop equipped with a 1.6 GHz Pentium M processor. Computational times and delays are always expressed in seconds. Each run of the BB algorithm is truncated after 30 seconds of computation, while the whole time allowed to the real-time optimization module to compute a solution is limited to 120 seconds. The latter module is executed only one time for each instance. On the other hand, the modules of Section 3.4 can re-run the scheduling algorithm when a conflict-free schedule must be computed again. 
The dispatching area under study is shown in Figure 2. This railway includes the Den Bosch station and the line connecting Utrecht (Ut) to Den Bosch (Ht), which is around 50 km long. There are two main tracks, divided into one long corridor for each traffic direction, a dedicated stop for freight trains (Ozbm) and seven intermediate passenger stations: Utrecht Lunetten (Utl), Houten (Htn), Houten Castellum (Hc), Culemborg (Cl), Geldermalsen (Gdm), Zaltbommel (Zbm) and Den Bosch (Ht). Each traffic direction has nine entrances named: Utrecht (Ut), Dordrecht (Ddr), Nijmegen (Nm), Beutuweroute, Geldermalsen Yard, Oss (Oss), Eindhoven (Ehv), Den Bosch Yard and Tilburg (Tl). There are several potential conflict points, along each corridor due to possible different train speeds, and three critical crossings, due to two tracks per direction of Geldermalsen station (block sections: 104, 105, 109, 113, 114 and 117), Dordrecht corridor (block sections: 101 and 102), Beutuweroute corridor (block section 4) and Den Bosch station (block sections: 142, 143, 146, 150, 151, 152, 154, 156, 157, 160, 161, 166, 167, 170, 171, 172, 180, 181, 182 and 183). Two extensions of the network, which are still under construction, are also modeled (block sections: 96, 98, 128, 129 and from 131 to 140). 
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Figure 2: Utrecht - Den Bosch railway dispatching area
We consider a provisional timetable for 2007, which is hourly, cyclic and extended to the entire railway area. During peak hours, 26 passengers and freight trains in both directions are scheduled for the area around Geldermalsen. A more complex situation occurs at Den Bosch station, where up to 40 trains are scheduled each hour. The infrastructure offers a few possibilities of train reordering and rerouting. For each train a default route and a set of local rerouting options are given. Rerouting options can be applied along corridors or within a station, in which a train may be allowed to stop at different nearby platforms. Overall, 356 routing options are considered. In Figure 2, the grey zones from A to M show the available rerouting zones in the area. We incorporate in the model other constraints that are important to calculate approximately the quality of the railway service. Specifically, we evaluate the effects of constraints due to minimum transfer time between connected train services. Rolling stock connections are located in Zaltbommel and Den Bosch stations. Passenger connections are modeled at Den Bosch station for the traffic directions from Ossen to Utrecht and vice versa. The minimum time for passenger connections varies from two to five minutes, depending on the distance between the arrival platforms. Finally, route booking constraints are applied in stations, e.g. trains run without stop until their scheduled platform stop.

We test ROMA under strong real-time traffic disturbances. In total, we present 20 test cases, each of those for a simulation period of one hour. We look at four configurations of randomly generated blocked tracks and five configurations of entrance delays. The entrance delays are randomly chosen in a time window of typical train delays for this area. Specifically, we consider an average entrance delay of around five minutes and a maximum entrance delay of 30 minutes. We also include rolling stock and passenger connection constraints, as well as the route booking constraints within the stations. All these instances are evaluated when using the local search rerouting procedure ("Routing Optimization On") and when not using it ("Routing Optimization Off"). The two different train rescheduling algorithms of Section 3 (BB and ARI) are also studied. 
In order to evaluate Schaafsma’s RDTM principles, we consider two different types of timetable, with different values of the time windows of train departure times. In the first timetable ("Flexible timetable Off"), the size of the time window is set to zero for all trains, which corresponds to the traditional timetable with strict departure times. In the second timetable ("Flexible Timetable On"), the size of the time windows is set to two minutes for all trains. 
Table 1: Performance of RDTM principles
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Each row of Table 1 describes average results on the 20 test cases for a given ROMA configuration. The first row of the table corresponds to the case base that simulates the current rail operations. Delays are calculated for the intermediate stations (Houten, Houten Castellum, Culemborg, Geldermalsen and Zaltbommel) and for the exit points. The first three columns show different railway dynamic traffic management strategies. The following columns report on the system performance when the modules of Section 3.4 are active or not. Under "Fixed Speed Model" we report on the results without feasibility check and speed updating, while under "Variable Speed Model" we report on the performance of the whole system. Particularly, columns 4 and 5 [resp., 7 and 8] show the maximum and average consecutive delays when adopting the fixed [resp., variable] speed model. Columns 6 and 9 give the computational times with the fixed and variable speed models, respectively. The last column indicates the number of times the speed updating module is called by the feasibility check module.    

As shown in Table 1, the scheduling algorithm based on global information (BB) always provides better results with respect to the local dispatching procedure ARI, on the basis of both maximum and average consecutive delay performance indicators. When comparing the performance of the configurations BB and "Routing Optimization On" with the configurations ARI and "Routing Optimization Off", the average consecutive delay computed by the variable speed model decreases of a factor larger than 3. The computation time of BB is larger than the one of ARI, even though in both cases the computing time is compatible with the time limits imposed by real-time operations. 

As far as RDTM principles are concerned, it turns out that the routing flexibility yields delay reduction both with local and global dispatching procedures. But the best reduction of average delays is obtained when all Schaafsma’s RDTM principles are used in combination. 
It is interesting reordering the rows of Table 1 for increasing value of the average consecutive delays computed by the variable speed model (as shown in column 8). Precisely, Figure 3 shows that the contribution of the routing optimization algorithm is the most important, since the four configurations with "Routing Optimization On" outperform the others. The second important factor is the scheduling algorithm with global information, while introducing flexible departure times gives the smallest contribution. Finally, as shown in Table 1, it is also worthwhile observing that when dealing with the fixed speed model the most important contribution to the delay reduction is due to the use of the BB algorithm rather than to the routing optimization procedure. This is probably due to the fact that the delay reductions obtained with the fixed speed model are frequently absorbed when adjusting the train speeds accordingly with traffic regulations. On the other hand, rerouting a train frequently allows to avoid a conflict with other circulating trains, thus limiting the need for adjusting its speed trajectory. 
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Figure 3: Average consecutive delays for RDTM principles
Table 2 shows the average consecutive delays of the eight configurations at the exit of the network and at the six stations. Each row describes average results on the 20 test cases for a given ROMA configuration. With reference to the best configuration of ROMA dispatching system (i.e. flexible timetable, BB algorithm and routing optimization), the largest delays arise at Zaltbommel station (Zbm). However, if we consider the number of late trains the most critical station is Den Bosch (Ht), where around 21,15% of trains have strictly positive consecutive delays. The percentages for the other stations are: 3,29% at Geldermalsen (Gdm), 7,11% at Zaltbommel (Zbm), 3,43% at Houten Castellum (Hc), 6,73% at Houten (Htn) and 12,44% at Culemborg (Cl).
Table 2: Average consecutive delays at the stations and at the exit of the network ("Out")
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5. Conclusions
This paper tests the performance of different configurations of ROMA dispatching system and Schaafsma’s RDTM principles. The results show the effectiveness of using traffic optimization algorithms with respect to simple and local dispatching procedures. As for the impact of RDTM principles, our results demonstrate that all the proposed principles may lead to interesting improvements. These benefits are the largest when the principles are used in combination with advanced algorithms.  
Future research should address the integration of the proposed system into a larger framework, enabling to cope with several dispatching areas. To this end, it is central addressing the decomposition of large problems into smaller problems to be solved by local dispatching systems, and their coordination may ensure globally viable and effective solutions for the whole rail network. 
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