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Abstract 

Rail transportation helps to reach the global climate targets because it is characterized by low emission. The passenger and freight 

volumes on the railway increase yearly in line with EU targets. However, delays of passenger and freight trains decrease the punctuality 

and the reliability of the railway sector and the development of the infrastructure is not enough to increase the average speed of 

trains. Delays mean cost to the passengers, railway operators, infrastructure managers, and all railway undertakers. Therefore, the 

reason for the most significant optimization target is to minimize delays. In this paper, a possible solution has been described to solve 

the real-time railway traffic management problems by applying a mixed-integer linear programming approach. For validation of the 

research result, one simplified case study has been presented. Based on the result, the presented solution can provide effective 

support to dispatchers in solving real-time traffic management problems. 
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1 Introduction 

Rail transportation helps to reach the global climate 

targets. It reduces the CO2 and CHG emission and also the 

congestion on routes. The passenger and freight volumes on 

the railway increase year after year in line with EU targets 

described in the European Green Deal (Commission, 

2019a) and shown in Fig. 1. One key point of this agreement 

is the 'Initiatives to increase and better manage the capacity 

of railways and inland waterways’ (Commission, 2019b). 

Fig. 1. Passenger and freight volumes, EU27 (Commission, 2021) 

The main target of the technical pillar of the fourth 

railway package is to boost the competitiveness of the 

railway sector. 

Delays of passenger and freight trains decrease the 

punctuality and the reliability of the railway sector. The 

average timetabled speed of freight services is 45.63 km/h 

for domestic freight trains and 45.70 km/h for international 

freight trains (see Fig. 2.). 

 

Fig. 2. Average timetabled speed for freight services (Commission, 2021) 

Expanding the infrastructure is expensive, and in most 

cases, it is not enough to increase the average speed of 

(freight) trains. The better use of the limited infrastructure 

can allow more vehicles to travel on the network with 

decreased journey time. In this case, there is no need to 

make a high investment in the infrastructure to increase the 

railway traffic efficiency. 

Different countries/railways apply different priority 

rules that determine the train sequence on the infrastructure 

because some trains have higher priority than others due to 

the public service operation (PSO). The applied priority 

rules can be crucial, especially in disturbance situations. 

The most common principle is the first-in-first-out (FIFO) 

principle. It means that the first arrived train has the right to 

go through the bottleneck, even if its maximum velocity is 

lower than that of the follower train. In addition to priority 
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principles, the infrastructure operators also determine 

several dispatching rules based on other agreements. 

In the operational controlling process, dispatchers have 

to make the decision based on priority rules and agreements 

mentioned above. Nowadays, they rarely use decision-

support systems to find the optimal result, and they work 

only based on their experiences using priority rules and 

agreements. The reason of ignoring decision-support 

systems is their high computation time. In other words, the 

necessary suggestions for decisions are available too late for 

dispatchers. The slowness of the current decision support 

systems is due to the fact that to make suitable suggestions 

for dispatchers, several parameters have to be considered 

that can result in huge state space. Of course, the state space 

continues to grow with the size of the considered 

infrastructure. There are several open issues in this area, 

such as optimization options, optimization algorithms, and 

so on (see Chapter 1.2). 

The decision-making process is crucial in the case of 

traffic disturbances. A disturbance leads to a primary delay 

to a train which can cause secondary delays to other trains. 

It is possible to identify the disturbances that cause the 

primary delay, but no action can be taken against them. 

Therefore, in such situations, the main target is to minimize 

the total secondary delay, i.e. to minimize the sum of the 

secondary delays of affected trains. The decision-making 

algorithms can help to solve these situations in an effective 

way by finding the optimal solution. The optimization 

target can also be complicated, i.e. in addition to 

minimizing the secondary delay, additional or even 

different targets may appear (e.g. energy-efficiency, etc.). 

1.1 Motivation 

Delays mean cost to the passengers, railway operators, 

infrastructure managers, and all railway undertakers. That 

is why the most significant optimization target is to 

minimize it. In the first assumption, the task is to perform a 

route search task (rerouting) in a given part of the railway 

network considering the safety rules based on the 'Blocking 

time theory’ (Pachl, 2014). This theory contains every safe 

time to form and release a route as used in this paper. The 

critical points, (like bottlenecks) are the switches and 

single-track sections. Two vehicles may not pass through 

these sections at the same time. Dispatchers have to 

determine the train ordering (rescheduling and reordering). 

This solution has to be feasible. To solve this problem based 

on the mathematical way, it is needed to find efficacious 

algorithms which provide a feasible solution. During the 

decision-making process, it is possible to apply other 

complex traffic control rules beyond the FIFO principle. 

For example, energy efficiency also can be examined. 

The modeling of the infrastructure is an essential part of 

traffic management problems. To receive the best results, 

microscopic models are needed. The microscopic model 

means, that the smallest modeled unit of the infrastructure 

is track-circuit. The track-circuit is the safety element of a 

track section with relevant properties, like maximum 

allowed speed, length, and gradient. The decision-making 

algorithm has to use these parameters. The generalized 

representation of the railway infrastructure is usually a 

directed graph described by matrices. The size of the 

matrices grows proportionally with the size of the 

infrastructure. 

Another significant part of the system is the rolling stock 

which has essential properties like acceleration, braking 

ability, length, entry- and exit point for a given 

infrastructure. Trains can be stopped at a predefined 

platform to allow passenger exchange, the time of which is 

also predetermined. Of course, every train has an own 

timetable.  

Mixed Integer Linear Programming (MILP) is a tool to 

solve mathematically the real-time railway traffic 

management problem (rt-RTMP) regarding the 

infrastructure model, the train model, and traffic rules. In 

this paper, the authors use an extended MILP formulation 

to show a solution for the rt-RTMP. The algorithm 

determines the best route for every train taking into 

consideration the related constraints (described in Chapter 

4). The main target is to find a feasible solution for the rt-

RTMP problem in an effective way using MILP in a 

MATLAB environment. 

1.2 Related work 

Several solutions exist in the literature to the enhance 

energy consumption of the railway applications. In (Novak 

et al. 2018) the authors use multiparametric quadratic 

programming to calculate the optimal train control law 

resulting in a time-varying piecewise affine function.  In 

(Farooqi et al., 2008) the cooperative energy efficient train 

control problem is solved with switched Nonlinear Model 

Predictive Controller (NMPC), while in a further extension 

(Farooqi et al., 2009), at network level, a Dissension based 

Adaptive Law (DAL) is then proposed to adjust the 

parameters of the NMPC cost so as to efficiently share the 

available regenerated braking energy.  The authors of 

(Abels et al., 2019) propose a solution for real-world train 
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scheduling with hybrid Answer Set Programming (ASP). 

Their approach allows to specifically account for the 

different types of constraints induced by routing, 

scheduling, and optimization. In (Toletti et al., 2016) the 

authors design an enhanced version of the Resource 

Conflict Graph (RCG) approach for railway rescheduling 

that considers the reduction of tractive energy consumption 

in the rescheduling process. In (Pellegrini et al., 2012), the 

authors detail a possible solution to the rt-RTMP problem 

using MILP to minimize secondary delays in a case study 

that describes unexpected events which perturb the 

operations. They later developed this solution with 

additions considering the efficiency of the algorithm and 

automatic generation of the configuration space (Pellegrini 

et al., 2015). In this paper, we present the proposed solution 

by Pellegrini et al. with one MATLAB implementation. The 

results we have achieved are described in a case study. 

2 Infrastructure modeling 

For resolving the real-time railway traffic management 

problem an appropriate and detailed infrastructure model is 

needed. (Pellegrini et al., 2012) used a track-circuit based 

infrastructure model in their optimization algorithm. Track-

circuits are the fundamental elements of railway 

infrastructure that help to automatically detect the presence 

of the train in a given section. Although this model 

considers the possible order of the track circuits, it does not 

contain rules for defining the preceding and subsequent 

track-circuits. This approach can lead to a very insufficient 

and slow infrastructure modeling process because the order 

of track-circuits on a given route must be defined by the 

user. 

The main objective of our research was to extend the 

infrastructure model described by (Pellegrini et al., 2012) to 

design a more effective modeling process. The 

infrastructure model contains four layers demonstrated by 

Fig. 3. 

Fig. 3 Layer structure of the infrastructure model 

The lowermost layer of the infrastructure model is a 

graph-based description. In this layer, the base components 

are the graph nodes connected by undirected edges. There 

are several advantages of extending the model described by 

(Pellegrini et al., 2012) with a graph layer. Among others, 

such an advantage is that the connections of the track-

circuits can be automatically generated, and the signals can 

be assigned to the nodes of the graph. The track-circuits are 

sets of edges, so this representation enables modeling 

railway switches. A block section consists of track-circuits 

delimited by main signals. A set of block sections constructs 

a route connecting two terminal nodes of the graph. The 

terminal nodes (the nodes on the border of the infrastructure 

and the platforms) represent the places where trains can 

start and finish their movement. This infrastructure model 

describes four layers which are shown in Fig 4. 

Fig. 4 Infrastructure model 

Fig. 4 shows a case study of the described infrastructure 

model. The nodes on the border of the modeled 

infrastructure are entry or exit points of the control area. 

The modeled infrastructure contains two platforms to 

handle the departing and arriving trains. The terminal 

nodes, including the border nodes of the platforms, are 

represented by triangles in Fig. 4. The graph model of the 

infrastructure consists of 25 edges that cover 13 track-

circuits and 6 railway switches. The signals delimiting the 

block sections are also shown in Fig. 4. It is important to 

note that block sections are not necessarily the same in 

different directions. For example, on the route connecting 

tc1 and tc12 through tc6, there are four block sections from 

tc1 to tc12: tc1, tc3-tc6, tc9-tc11, and tc12. However, from 

tc12 to tc1 there are only three block sections: tc12, tc11-

tc6, and tc4-tc1. 

As has already been discussed, the routes consist of 

block sections between two terminal nodes. There are 12 

routes between entry and exit points in this infrastructure 

model, and 8 routes have a start or endpoint on a platform. 

The platforms are represented with dashed lines in Fig. 4. 

Since track-circuits may have different properties 

depending on route choice and direction, several nominal 

track-circuits are generated based on the real track-circuits. 

From each real track-circuit, two nominal track-circuits (for 
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both directions) are generated as many times as the routes 

contain the corresponding real track-circuit. Furthermore, 

two dummy track-circuits are also defined: 𝑡𝑐0 and 𝑡𝑐∞ 

These represent the entry and exit locations of the control 

area. In complex infrastructure, the number of nominal 

track-circuits can be very high, which requires high 

computational resources for the optimization algorithm. In 

the following, nominal track-circuits will be referred to as 

track-circuits. 

By extending the track-circuit-based infrastructure 

model with a graph-based descriptor, the upper layers can 

be automatically generated. For the construction of a graph-

based model, a complete Matlab toolchain has been 

implemented with a GUI, shown in Fig. 5. 

To generate the upper layer of the infrastructure model 

automatically, some properties should be assigned to nodes 

and edges of the graph. For example, automatic block 

section generation cannot be performed without assigning 

signals to the corresponding nodes. Table 1. summarizes 

these properties. 

Fig. 5 Matlab GUI for infrastructure modeling 

Table 1 Graph properties  

Node properties 

Node type Normal/Hidden/Terminal 

Signal(s) Location/Direction 

Edge properties 

Edge length Total length of represented track 

Maximum velocity 
Maximum velocity of the train on the 

corresponding edge 

Platform indicator 
Indicates whether the edge contains 

platform 

The node type is automatically defined based on the 

track-circuit definition. If a track-circuit consists of one 

edge of the graph, the nodes delimiting the edge are normal 

nodes. If the track-circuit consists of multiple edges, the 

intermediate node is stored as a hidden node modeling a 

railway switch. A node is considered a terminal node if it is 

connected to only one edge or either to a platform container 

edge. Signals are assigned to nodes where they are applied, 

i.e. the corresponding node has a signal location property. 

The signaled node from which the signal is valid for 

traveling trains must be also selected to define the direction. 

This node has a signal direction property. The length and 

maximum velocity property of the edges of the model are 

important input parameters. The platform indicator supports 

the generation of inner terminal nodes. 

In the actual Matlab toolchain, the user defines the routes 

as follows: first, the user selects the corresponding track-

circuits; however, route validity is automatically 

investigated. A route is valid when the selected track-

circuits connect exactly two terminal nodes. Besides, the 

graph model allows the implementation of automatic route 

definition based on iterative graph search algorithms (like. 

breadth-first search – (Kozen, 1992) or Dijkstra algorithm 

– (Dijkstra 1959)) extended by application-dependent rules. 

For example, suppose the drawn graph represents the real 

infrastructure. If the drawn graph represents the shape of the 

real infrastructure, the shunting movements could be 

neglected by comparing the total turn angle of the 

movement to a well-defined threshold. Let us assume a 90° 

threshold. In this case, tc12-tc13, tc1-tc2, and tc6-tc8 (see 

Fig. 4) routes could be easily filtered. 

3 Railway traffic model 

Modeling and optimizing railway traffic transportation 

requires a railway traffic model. This paper describes a 

simple railway traffic model using a constant velocity 

model. In practice, an essential input of railway traffic 

modeling is the preplanned timetable. During the timetable 

planning process, the elements of the existing infrastructure 

are also taken into account. Several parameters must be 

given by the user that are summed in Table 2. In real railway 

traffic, some trains are in connection with another train, 

some of them result from the turn-around, join or split of 

other trains. This process is handled by some train model 

parameters summarized in Table 3.  

The spatial coherence of the trains has to be ensured next 

to time coherence (see in Section 4.2) with the definition of 

connections and changes in the configuration of rolling 

stock of the trains. For example, train 𝑡 could connect to 

train 𝑡′ if train 𝑡′ terminates at platform. In such case the 

start node of train t is automatically set to the corresponding 

platform. This requirement is applied for rolling stock 

configuration change as well. In Matlab infrastructure 

designer GUI, when a new train is defined, only those trains 

can be selected for connection or change of the rolling stock 

configuration that terminate at a platform. The spatial 

coherence requirement is automatically established in this 

model. 
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Table 2 Train properties 

Property Sign and Meaning 

Motion status 𝑀𝑜𝑆𝑡 = {
1, forward moving

−1, shunting
0, standstill

 

Platform indicator 𝑃𝐿𝑡 = {

0, passing through

1, departs from platform
2, terminates at platform

 

Maximum velocity 𝑣𝑚𝑎𝑥,𝑡 

Train length 𝐿𝑡 

Scheduled entry time 𝑖𝑛𝑖𝑡𝑡  

Scheduled exit time 𝑒𝑥𝑖𝑡𝑡  

Start node 
Terminal node from where the train starts 

the route 

Exit node 
Terminal node where the train finishes the 

route 

Table 3 Configuration parameters of rolling stock 

Parameter Sign and Meaning 

Connection of trains 𝐶𝑡(𝑡) = {
𝑡′, if connection with 𝑡′

[ ], no connection
 

Join/split/ 

turn-around of trains 

𝐼𝑡(𝑡) = 

{
𝑡′, if train t results from train 𝑡′
[ ], no preceding train

 

Use of the same  

rolling stock 

𝑅𝑜𝑆𝑡(𝑡) = 

{
𝑡′, using rolling stock of train 𝑡′
[ ], no train with the same rolling stock

 

An important parameter of optimization is the 𝑟𝑢𝑛𝑡𝑐 

running time on track-circuit 𝑡𝑐. The infrastructure model 

is prepared for different running times on a given real track-

circuit used by different routes. Although, most of the 

previous research on this topic does not handle train-

dependent running time. This paper introduces a simple 

method to resolve this issue. The complexity of the 

algorithm increases with the infrastructure's size, 

considering a real velocity profile would not satisfy the real-

time traffic management requirements. The train velocity is 

a discrete variable in this model. The vehicles can have 

three motion states: forward-moving, shunting, and 

standstill. The moving speed is the minimum value of the 

maximum velocity allowed on the current track-circuit and 

the maximum velocity allowed of the train. Thus, the 𝑣𝑡 

velocity of a train is given by Eq. (1) depending on the 

motion status, 𝑣𝑚𝑎𝑥,𝑡𝑐 maximum velocity allowed on the 

track-circuit, and 𝑣𝑚𝑎𝑥,𝑡 maximum velocity of the train. 

𝑣𝑡,𝑡𝑐 = {
0, if 𝑀𝑜𝑆𝑡 = 0

min(𝑣𝑚𝑎𝑥,𝑡𝑐 , 𝑣𝑚𝑎𝑥,𝑡) , otherwise
 (1) 

Based on the 𝑣𝑡,𝑡𝑐 train velocity, the 𝑟𝑢𝑛𝑡,𝑡𝑐 train model-

dependent running time on a given 𝑡𝑐 track-circuit is 

computed by Eq. (2). 

𝑟𝑢𝑛𝑡,𝑡𝑐 =
𝐿𝑡𝑐

𝑣𝑡,𝑡𝑐
𝛼(𝑟𝑡𝑐) (2) 

In Eq. (2) 𝛼(𝑟𝑡𝑐) denotes the route-dependent running 

time factor on the route 𝑟𝑡𝑐, which contains the track-circuit 

𝑡𝑐. This factor lets one consider route-dependent running 

time due to several environmental circumstances (i.e., 

topographic conditions). In this research, this factor was 

neglected, i.e. set to 1 for simplicity. 

It is important to note that this railway model established 

the rerouting optimization principle. The train model does 

not include a specific route, but defines the starting and end 

node of the train. Thus, the optimization algorithm can 

define the set of available routes between the corresponding 

terminal nodes and choose the optimal route taking into 

account the objective function i.e. the global minimum 

secondary delay. 

The constant velocity model is straightforward; 

however, the dynamic limits of trains are neglected (infinity 

accelerations and decelerations are assumed), therefore 

applying additional safety times are suggested. The so-

called 𝑓𝑜𝑟𝑚 formation and 𝑟𝑒𝑙 release times are generic 

train independent parameters of railway management. It 

means that train reserves the block section formation time 

unit before it enters it, and it still reserves the release time 

units after it leaves it. It should also be mentioned that after 

the first axle of a train exits from a given track-circuit, the 

rest of the rolling stock configuration still occupies it until 

the 𝑐𝑙𝑡,𝑡𝑐 clear time elapses. The clearing time could be 

easily computed based on the total length of the train 𝐿𝑡  and 

the 𝑣𝑡,𝑡𝑐 velocity as in Eq. (3). 

𝑐𝑙𝑡,𝑡𝑐 =
𝐿𝑡

𝑣𝑡,𝑡𝑐
𝛼(𝑟𝑡𝑐) (3) 

The speed-distance diagram of train 𝑡 on block section tc3-

tc6 (see Fig. 4) on route 𝑟 is demonstrated in Fig. 6. 

Fig. 6 The time-distance diagram of a train on a block section 

(Pellegrini et al., 2012) 

In Fig. 6, 𝑠𝑅𝑒𝑠𝑡,𝑡𝑐 and 𝑒𝑅𝑒𝑠𝑡,𝑡𝑐 denote the time when train 

𝑡 starts and finishes the reservation of track-circuit 𝑡𝑐. The 

𝑑𝑡,𝑡𝑐 is the delay assigned to train 𝑡 at track-circuit 𝑡𝑐. This 

variable is the key to schedule traffic participants. Delays 

can only be assigned to signals (at the end of block 

sections). It should be noted that there are different 



Periodica Polytechnica Transportation Engineering 

signaling systems. In general, in an 𝑛 aspect system, there 

are 𝑛 − 2 block sections for braking. This research 

considered two-aspect systems which is shown in the time-

distance diagram represented by Fig 4. 

4 Mixed-Integer Linear Programming Optimization 

Linear programming is a common solution for 

optimization problems in which the objective function and 

the constraints are described by linear functions. Mixed-

integer linear programming is a subset of general linear 

programming where some of the variables are integers. This 

section describes the detailed MILP formula used for the 

optimal solution of rt-RTMP. Subsection 4.1 details the 

objective function and the state variables, while 4.2 explains 

the formulae of the constraints. The constant input 

parameters of the algorithm are given in Table 4. 

Table 4 Input parameters (constants) of MILP optimization 

Parameter Meaning 

𝑇, 𝑅 set of trains and routes 

𝑅𝑇𝐶, 𝑇𝐶 set of real and nominal track-circuits 

𝑅𝑇𝐶𝑡, 𝑇𝐶𝑡 
set of real and nominal track-circuits available for 

train 𝑡 

𝑀𝑜𝑆𝑡 motion status of train 𝑡 

𝑃𝐿 ⊂ 𝑅𝑇𝐶  set of real track-circuits containing a platform 

𝑅𝑡 ⊆ 𝑅 set of routes available for train 𝑡 

𝑅𝑇𝐶𝑟  set of real track-circuits that correspond to route 𝑟 

𝑟𝑡𝑐𝑡𝑐 
real track-circuit that corresponds to nominal track-

circuit 𝑡𝑐 

𝑟𝑡𝑐 , 𝑏𝑠𝑡𝑐 route and block section that belong to 𝑡𝑐 

𝑝𝑡𝑐 , 𝑠𝑡𝑐 preceding and subsequent track-circuits of 𝑡𝑐 

𝑒𝑏𝑠(𝑡𝑐) 
indicator function (𝑡𝑐 ∉ {𝑡𝑐0, 𝑡𝑐∞}): 1 if the track-

circuit 𝑡𝑐 belongs to a terminal (either the first or 

the last) block section on its route, 0 otherwise 

𝑟𝑒𝑓𝑡𝑐  
reference track circuit for the reservation of 𝑡𝑐 

(𝑡𝑐 ∉ {𝑡𝑐0 , 𝑡𝑐∞}). In two-aspects signaling system it 

is the first track circuit of block section 𝑏𝑠𝑡𝑐 

𝑟𝑢𝑛𝑡,𝑡𝑐 , 𝑐𝑙𝑡,𝑡𝑐  running and clearing time of track-circuit 𝑡𝑐 

𝑓𝑜𝑟𝑚, 𝑟𝑒𝑙 formation and release time 

𝑖𝑛𝑖𝑡𝑡 , 𝑒𝑥𝑖𝑡𝑡  scheduled entry and exit time of train 𝑡 

𝐼(𝑡, 𝑡′) indicator function: 1 if 𝐼𝑡(𝑡) = 𝑡′, 0 otherwise 

𝐶(𝑡, 𝑡′) indicator function: 1 if 𝐶𝑡(𝑡) = 𝑡′, 0 otherwise 

𝑅𝑜𝑆(𝑡, 𝑡′) indicator function: 1 if 𝑅𝑜𝑆𝑡(𝑡) = 𝑡′, 0 otherwise 

𝑚𝑠 

minimum separation time between the arrival of a 

train and departure of another train using the same 

rolling stock or trains in connection 

𝑀 large constant 

 

4.1 State variables and objective function 

The state vector of the system used for the definition of 

constraints and objective function consists of several state 

variables. The elements of the state vector are defined 

according to the linear constraints. The MILP algorithm 

searches for values of the state variables to obtain the 

minimum of the objective function. Table 5. shows the 

elements of the state vector. 

Table 5 State variables of MILP optimization 

Variables Meaning 

𝑒𝑡,𝑡𝑐 entry time of train 𝑡 to track-circuit 𝑡𝑐 

𝑑𝑡,𝑡𝑐 
delay assigned by the optimization to train 𝑡 at 

track-circuit 𝑡𝑐 

𝑠𝑅𝑒𝑠𝑡,𝑟𝑡𝑐 
time when train 𝑡 starts to reserve real-track-circuit 

𝑟𝑡𝑐 

𝑒𝑅𝑒𝑠𝑡,𝑟𝑡𝑐 
time when train 𝑡 ends reserving real-track-circuit 

𝑟𝑡𝑐 

𝑥𝑡,𝑟 
binary indicator variable: 1 if train 𝑡 uses route 𝑟, 0 

otherwise 

𝑦𝑡,𝑡′,𝑟𝑡𝑐 
binary indicator variable: 1 if train 𝑡 uses real track-

circuit 𝑟𝑡𝑐 before train 𝑡′, 0 otherwise 

The state vector is constructed based on the system state 

using Matlab optimization algorithm. The system state is 

described in a matrix format. The number of rows of the 

state matrix corresponds to the number of trains assigned to 

the infrastructure. The number of columns equals the 

number of state variables of a given train (e.g. entry times 

to the nominal track-circuits, delays assigned at nominal 

track-circuits, etc.). Eq. (4) represents this state matrix. 

𝑋 = 

[
 
 
 
𝑒1,𝑡𝑐 𝑑1,𝑡𝑐 𝑠𝑅𝑒𝑠1,𝑟𝑡𝑐 𝑒𝑅𝑒𝑠1,𝑟𝑡𝑐 𝑥1,𝑟 𝑦1,𝑡′,𝑟𝑡𝑐

𝑒2,𝑡𝑐 𝑑2,𝑡𝑐 𝑠𝑅𝑒𝑠2,𝑟𝑡𝑐 𝑒𝑅𝑒𝑠2,𝑟𝑡𝑐 𝑥2,𝑟 𝑦2,𝑡′,𝑟𝑡𝑐

… … … … … …
𝑒𝑛,𝑡𝑐 𝑑𝑛,𝑡𝑐 𝑠𝑅𝑒𝑠𝑛,𝑟𝑡𝑐 𝑒𝑅𝑒𝑠𝑛,𝑟𝑡𝑐 𝑥𝑛,𝑟 𝑦𝑛,𝑡′,𝑟𝑡𝑐]

 
 
 
 (4) 

In Eq. (4) 𝑛 = 𝑡 ∨ denotes the number of trains assigned to 

the infrastructure. The state vector is constructed by 

reshaping the state matrix to a column vector done by Eq. 

(5), where 𝑋𝑖 denotes the 𝑖-th row of the 𝑋 state matrix. 

𝑥 = [𝑋1 𝑋2 … 𝑋𝑛]𝑇 (5) 

In real-time railway traffic management, the runtime of 

the optimization algorithm is crucial. The runtime of the 

MILP depends highly on the dimension of the optimized 

state. In the presented problem, the state dimension depends 

on the number of trains and the complexity of the 

infrastructure. The 𝑛𝑥 number of elements in the optimized 

state is given by Eq. (6). 

𝑛𝑥 = 𝑛 ∙ (2𝑛𝑡𝑐 + 2𝑛𝑟𝑡𝑐 + 𝑛𝑟 + 𝑛 ∙ 𝑛𝑟𝑡𝑐 + 1) (6) 

In Eq. (6) 𝑛𝑡𝑐, 𝑛𝑟𝑡𝑐  and 𝑛𝑟 denote the number of nominal 

track-circuits, real track-circuits, and routes, respectively. 

Based on Eq. (6), the runtime of the optimization increases 

with the number of assigned trains and the complexity of 

the infrastructure. It means that the real-time decision-
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making requirement could hardly be satisfied with low 

computational capacity in an infrastructure that consists of 

many real-track circuits and possible routes. 

The previously described state vector is extended by the 

delays assigned to the trains. This step is needed for the 

definition of the objective function. The 𝐷𝑡 total delay of 

train 𝑡 is defined as the difference between the time when 

the train exits the control area and the scheduled exit time. 

The 𝐷𝑡 total delay of train 𝑡 is computed as in Eq. (7). 

𝐷𝑡 = 𝑒𝑡,𝑡𝑐∞ − 𝑒𝑥𝑖𝑡𝑡 (7) 

The objective value optimized by the MILP algorithm is 

computed as the sum of the total delay of each train. The 

objective function is represented by Eq. (8).  

min(∑ 𝐷𝑡
𝑛
𝑡=1 ) (8) 

The objective function described in Eq. (8) considers the 

sum of the trains’ delays. However, it is common to 

prioritize between trains. In this approach, it is easy to 

perform train priority based on predefined 𝑤𝑡  train weight 

parameters. Thus, the objective function can be computed 

as in Eq. (9). 

min(∑ 𝑤𝑡𝐷𝑡
𝑛
𝑡=1 ) (9) 

In this research, we applied equal weights for the trains 

due to simplicity.  

4.2 Constraints 

The constraints are formed according to the railway 

traffic management regulations. The constraints are given 

as linear functions of the predefined state vector to be able 

to insert them into the linear programming framework. 

According to previous research (Pellegrini et al., 2012) on 

this topic, four groups of constraints should be created: time 

concerning constraints, constraints for managing delays, 

constraints due to the change of rolling stock configuration, 

and capacity constraints. 

The time constraints consider the chronological order of 

the track-circuits used by trains, the time coherence of 

connecting trains, and the coherence of the objective value. 

The time constraints are detailed in Table 6.  

The constraints for managing delays are intended to 

define the local delays assigned to trains at signals due to 

collision avoidance. The managing of delays is also based 

on previous research made by (Pellegrini et al., 2012). 

However, this paper proposes some changes to improve 

managing delays and support optimal automatic timetable 

planning. The constraints proposed by (Pellegrini et al., 

2012) are explained in Table 7. 

 

Table 6 Time concerning constraints 

Constraint Description 

1 
A train cannot enter the infrastructure before it is 

scheduled. 

2 
The entry time of track-circuits unused by the 

corresponding train equals 0. 

3 
A train cannot enter a track-circuit before leaving the 

preceding one. 

4 A train can use exactly one route. 

5 
A minimum separation time must be granted between 

the arrival and departure of connecting trains. 

6 
The total delay of a train cannot be less than the 

difference between the exact and scheduled exit time. 

Table 7 Constraints for managing delays 

Constraint Description 

7 

The delay assigned to a train at a track-circuit equals 

the difference between the entry time of the 

subsequent track circuit and the scheduled exit time 

of the track circuit (𝑒𝑡,𝑡𝑐 + 𝑟𝑢𝑛𝑡,𝑡𝑐). 

8 
The train enters the infrastructure exactly when it is 

scheduled. 

In (Pellegrini et al., 2012), the 𝑑𝑡,𝑡𝑐 delay is used only if 

𝑏𝑠𝑡𝑐 ≠ 𝑏𝑠𝑠𝑡𝑐 (the end of a block section). However, in our 

simulation environment (see Section 5), it is easier to 

interpret the local delay in every nominal track-circuit and 

manage it by constraints inserted into the MILP framework. 

In this case, there is no need for an additional mapping 

between all nominal track-circuits and those that 

correspond to a signal (end of a block section). The 

managing of delays in our approach is described by Eq. 

(10)-(11). 

𝑑𝑡,𝑡𝑐 = 𝑒𝑡,𝑠𝑡𝑐
− 𝑒𝑡,𝑡𝑐 − 𝑟𝑢𝑛𝑡𝑐𝑥𝑡,𝑟𝑡𝑐  

∀𝑡 ∈ 𝑇, 𝑡𝑐 ∈ 𝑇𝐶𝑡: 𝑏𝑠𝑡𝑐 ≠ 𝑏𝑠𝑠𝑡𝑐
 (10) 

𝑑𝑡,𝑡𝑐 = 0∀𝑡 ∈ 𝑇, 𝑡𝑐 ∈ 𝑇𝐶𝑡: 𝑏𝑠𝑡𝑐𝑏𝑠𝑠𝑡𝑐
 (11) 

Furthermore, based on constraint 8 prior delays were 

avoided by (Pellegrini et al., 2012, Pellegrini et al., 2015), 

which means that the trains entered the infrastructure 

exactly when they were scheduled. It can lead to an 

infeasible problem. For example, suppose two scheduled 

trains in the control area with entry times whose difference 

is less than the sum of the formation time, clearing time, and 

release time. In that case, the method proposed by 

(Pellegrini et al., 2012) would fail. Neglecting the constraint 

8 allows one to use the MILP framework for automatic 

timetable planning. Thus, the previous problem can be 

resolved by assigning prior delays outside of the control 

area to the trains. It means that the control area was assumed 
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to have signals at its entry points (∀𝑡𝑐 ∈ 𝑇𝐶: 𝑠𝑡𝑐 =

𝑡𝑐0, 𝑏𝑠𝑡𝑐 ≠ 𝑏𝑠𝑡𝑐0). It should be noted that this increases the 

computational cost of the algorithm because of the escalated 

number of possible solutions. The present solution has two 

main applications: real-time optimization and automatic 

timetable planning. In timetable planning applications, it is 

also beneficial to avoid primary delay if it is feasible. First, 

the primary delay must be defined and is performed by Eq. 

(12). 

𝑑𝑡,𝑡𝑐0 = ∑ 𝑒𝑡,𝑡𝑐𝑡𝑐∈𝑇𝐶𝑡:
𝑝𝑡𝑐=𝑡𝑐0

− 𝑖𝑛𝑖𝑡𝑡 (12) 

Then, the computation of objective function is reformulated 

as in Eq. (13). 

𝐷𝑡 = 𝑒𝑡,𝑡𝑐∞ − 𝑒𝑥𝑖𝑡𝑡 + 𝑑𝑡,𝑡𝑐0 (13) 

The rolling stock configuration constraints must be 

applied for the trains which result from a joint, split, or turn-

around of another train. These constraints are detailed in 

Table 8. 

Table 8 Constraints due to the change of rolling stock configuration 

Constraint Description 

9 

A minimum separation time must be granted between 

the departure of the train which results from the joint, 

split or turn-around of another train and the arrival of 

the corresponding train. 

10 

The train, from which the other train results, reserved 

the track-circuit where the rolling stock configuration 

change can take place until the new train started 

reserving this track-circuit. 

11 

Both trains use the route that contains the platform 

where the change of rolling stock configuration can 

be carried out (spatial coherence). 

The capacity constraints consider the limits of the 

infrastructure and other railway traffic regulations detailed 

in Section 3. These constraints are explained in Table 9. 

Table 9 Capacity constraints 

Constraint Description 

12 

The trains start to reserve the track-circuits which 

belong to the block section formation time unit before 

they entered them. 

13 

The trains reserve a track-circuit after the full rolling 

stock configuration had left the track-circuit until the 

release time elapses. 

14-16 
A real track-circuit can be reserved by only one train 

at the same time. 

It is important to note that the value of 𝑀 must be defined 

carefully. In the integer linear programming framework of 

Matlab, the integer condition has a tolerance. The tolerance 

should be less than the reciprocal of 𝑀’s scale. For example, 

let 𝑀 be 104. In this case, the integer tolerance in Matlab 

should be less than 10−4 (e.g., 10−5).  

5 Simulation environment 

Besides the infrastructure modeler and MILP-based rt-

RTMP optimization algorithm, the Matlab toolchain also 

contains a simulation environment to evaluate and visualize 

the results. The simulation environment is suitable for real-

time visualization of the trains on the infrastructure. Based 

on the simple train model described in Section 3, the 

simulator computes the estimated position of the trains in 

each timestamp with a defined simulation time resolution. 

This simulation time resolution is a user-defined parameter 

of the simulator. Besides the current location of the trains, 

the reserved track-circuits are also demonstrated by the 

edges highlighted with red. The trains are represented by 

gold rectangles. The train simulator GUI is shown in Fig. 7.  

Fig. 7 The train simulator GUI 

The comparison of the optimized solution with the 

traditional railway traffic management approaches is a 

crucial part of the evaluation. Thus, the simulator includes 

an in-built option to visualize the result of a global FIFO 

(First Input First Output) principle. In this method, the first 

train entering the control area should exit first, before any 

other trains that subsequently arrived in the control area. If 

there is a conflict between two trains, the train that entered 

the control area later than the other should be delayed by 

letting the other train to exit the control area first. This delay 

is assigned at a signal where collision avoidance can be 

ensured without giving delays to another train. In many 

cases, this principle can be applied only by primary delays. 

The primary delay means that the corresponding train could 

enter the control area later than it was scheduled. Hence, 

primary delays are applied to the trains outside of the 

control area. 

There are three options implemented for visualization in 

Matlab: the initial problem without any traffic management 

rules (no delays are assigned to trains), the result of the 

FIFO principle, and the MILP-based solution of real-time 

railway traffic management problem. Among the running 
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times and other train model-related parameters detailed in 

Section 3, the simulator takes other inputs to visualize the 

outcome of the traffic management. The selected route of 

each train and the delays assigned to them are given to the 

simulator. Based on the delays, a modified speed profile is 

also proposed for trains. The modified velocity of a train at 

a given nominal track-circuit is computed as in Eq. (27). 

𝑣𝑡,𝑡𝑐 =
𝐿𝑡𝑐

𝑟𝑢𝑛𝑡,𝑡𝑐+𝑑𝑡,𝑡𝑐
 (27) 

Based on the proposed modified velocity, the train positions 

can be easily computed as a result of either of the solutions 

of the real-time railway traffic management problem. 

6 Results 

The results are evaluated based on the infrastructure 

model represented in Fig. 2. However, the platforms and the 

8 routes corresponding to them have been neglected. Thus, 

the 13 real track-circuits and 12 routes generate 202 

nominal track-circuits. The state optimized by the MILP 

algorithm consists of 1980 elements, including the total 

delay of each train. Furthermore, the evaluation has also 

been performed on an extended infrastructure model to 

investigate the effect of the increased number of decision 

points (signals). In the extended infrastructure model, a 

signal is assigned to each node of the graph model in every 

possible direction. Four trains are assigned to both 

infrastructure models with the same scheduled entry time (4 

sec), desired velocity (100 km/h), and the total length of the 

rolling stock configuration (100 meters). The trains have 

different entry and exit locations. Train 1 travels from tc1 

to tc13 and train 2 from tc2 to tc12. Train 3 and train 4 move 

in the opposite direction from tc13 to tc1 and tc12 to tc2, 

respectively.  

The evaluation has been carried out in two aspects: the 

performance and the runtime result of the algorithms. In the 

evaluation of the performance, the value of the objective 

function is monitored. 

The objective function values of the different solutions 

on both infrastructure models are summarized in Table 10.  

Table 10 Performance result of different rt-RTMP algorithms 

Simple infrastructure model 

FIFO 53 sec 

MILP 32.6 sec 

Extended infrastructure model 

FIFO 53 sec 

MILP 20.8 sec 

The result of the four experiments is also represented by 

the speed-distance diagram of the trains in Fig. 8 – 11. 

Among the presence of trains at each track-circuit, the 

reservation time intervals are shown in these diagrams, as 

well. Note that the notations shown in Fig. 8 are the same 

as notations in Fig. 9-11 but we already have not displayed 

them there separately. 

Fig. 8 The time-distance diagram of the FIFO solution on the simple 

infrastructure model 

Fig. 9 The time-distance diagram of the MILP solution on the simple 

infrastructure model 

On the simple infrastructure model with fewer signals 

compared to the extended one, the objective value of the 

global FIFO principle regarding the summed delay of each 

train is 53 seconds, while the MILP-based optimization 

results in 32.6 seconds. It means that the optimization 

reduced the objective value by 38.5%. Based on the speed-

distance diagrams represented in Fig. 6 and Fig. 7, one can 

see that the traffic management was carried out in two main 

steps in the FIFO principle. In the first step, train 1 and train 

2 travel from the left side to the right side of the control 

area. Due to collision avoidance, train 3 and train 4 cannot 

enter the control area; thus, a primary delay is assigned to 

these trains. However, MILP-based optimization enables 

more than two entering trains to the infrastructure 

simultaneously.  
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The result of the FIFO principle on the extended 

infrastructure model is shown in Fig. 10. which is very 

similar to the result of the simple model. The difference is 

only the track-circuit reservations due to different block 

sections, but the objective value is the same. However, the 

target value of the MILP algorithm is 20.8 seconds on the 

extended infrastructure model (shown in Fig. 11.). It means 

a 60.75% reduction of the summed delay of each train. 

Thus, with an increasing number of decision points in the 

control area, the efficiency of the MILP-based traffic flow 

management is growing compared to the FIFO principle. 

Fig. 10 The time-distance diagram of the FIFO solution on the simple 

infrastructure model 

Fig. 11 The time-distance diagram of the MILP solution on the simple 

infrastructure model 

The runtime is an essential aspect of real-time traffic 

management algorithms. Thus, the runtime of real-time 

traffic management optimization has been evaluated and 

compared to the result of the FIFO principle. The timetable 

planning application mode does not require real-time 

running. The runtime of the rt-RTMP algorithms was 

evaluated in Matlab IDE on Lenovo W530 ThinkPad with 

Intel Core i7-3520M 2.9 GHz processor (2 cores) and 

16 GB memory. The algorithms were run 10 times and the 

average runtimes are summarized in Table 11. As was 

expected, the runtime of the MILP-based optimal traffic 

management algorithm is significantly greater than the 

runtime of the FIFO principle. Furthermore, the runtime of 

both algorithms increases with the increase of decision 

points. 

Table 11 Runtime performance result of different rt-RTMP algorithms 

Simple infrastructure model 

FIFO 0.03 sec 

MILP 1.43 sec 

Extended infrastructure model 

FIFO 0.05 sec 

MILP 1.71 sec 

However, the runtime of the FIFO algorithm seems to be 

more sensitive to the complexity of the infrastructure 

compared to the MILP. The runtime of the FIFO principle 

is greater than 60%, while the runtime of MILP increased 

about 20% in extended infrastructure compared to the 

simple one. 

6 Conclusion 

In this paper, the process described by (Pellegrini et al. 

2012, 2015) has been applied with appropriate 

modifications to increasing the performance of the MILP 

algorithm in order to solve the rt-RTMP. To verify the 

result, we used a simple case study. Based on the result, it 

can be concluded that the use of MILP can provide effective 

support to dispatchers, who generally apply the FIFO 

principle and rely on their experiences. 

Our further research plans include checking our solution 

with larger infrastructure models, increasing the 

performance of this solution, and examining its practical 

applicability. 
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