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Abstract 

Nowadays, development cannot be achieved without modern infrastructure capacity. The new 

railway project which links Addis Ababa to Djibouti aims to fulfill this task through safety and 

reliability as major goals. Railway operating near their theoretical capacity is particularly 

vulnerable to disruption by human behavior or engineering failures that lead to delays or to even 

cancellations of services. In order to prevent such incidents, the interlocking system is set to 

automatic or semi-automatic mode and rescheduling is planned by the system to set a new route 

for the remaining trains.  

This study aimed to analyze how the system reacts and respond to disruptive incidents in 

minimizing the impact of such disturbance. After reviewing relevant literatures regarding most 

occurring disruptive incidents in train operation and their consequences on the railway network 

reliability, we defined train rescheduling operation and more precisely the automatic route 

selection with their characteristics parameters after a disruption such as an accident on a level 

crossing or faults in electronics device. We introduce C++ programming language to model route 

setting using spanning tree configuration. A case study on rescheduling operation on a selected 

British railway area is carried on to evaluate delays cost after disruption. This data was processed 

to model how delays relevant to a specific disruption affect trains in a railway network using a 

neural network with a high performance. 

Key words: Automatic route setting, train scheduling, operation disruption, neural network, 

spanning tree problem,  
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a  Acceleration of train 
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MLP Multi-layer perceptron 

MSE Mean square error 

T Time 

TD Total delay 

TDP Total delay penalty 
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Chapter One 

1. Introduction 

Railway transportation system has taken major position in goods and passenger transportations 

around the world. Technology‘s progress enhanced safety and reliability with better use of 

computers and electronics‘ devices for control purpose. Railway operation before control 

technology advancements lead to accidents. Most developed countries started using controlled 

and automatic system to manage train traffic. Railway network became more fluent after optimal 

control of trains‘ parameters such as speed, route selection, breaking and others while remaining 

safe and free from critical errors. However, disruption caused by human behavior or the use of 

electronics‘ devices near critical level, can disturb or stop the traffic and by consequence lower 

the optimal use of network [1, 2]. 

Railway operating near their theoretical capacity can lead to disruptions in railway operation and 

can occur for different reasons such as an accident on a level crossing or train technical failures. 

Managing and scheduling activities keeping in view of competing activities and constraints have 

always been a challenging. Rescheduling has to be perfectly timed and free from critical error or 

upon critical errors it must go to the fail-safe state[3,4].Once a delayed train deviates from its 

original time-distance path, it may affect subsequent trains that are scheduled over the same 

railway infrastructure or it may create a conflict in passing‘s or meetings with other trains. 

Hence, a delayed train may propagate its delay to other trains due to the infrastructure, signaling 

or timing conflicts. The tactical planning process of scheduling already starts a year before a new 

annual timetable becomes operational [5]. 

Operational traffic management is currently mainly directed towards maintaining the tactical day 

plan and recovering from disruptive events as quickly as possible back to the original timetable. 

Traffic control is responsible for the train traffic operations in a wider control area. In agreement 

with the concerned transport operator, a traffic controller may reschedule delayed trains from the 

next station onwards. Network traffic managers are responsible for general supervision of their 

part of the network and communications with neighboring control centers. Dispatchers supervise 
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all train traffic in their control are based on a real-time monitoring of track occupancy and 

clearance, as well as trains‘ number record [6 - 8]. 

The dispatcher may also set routes manually when e.g. a last minute disruption occurs. If an 

approaching train is delayed and the dispatcher expects a route conflict then she/he may decide 

to adjust the local route plan and change the route settings orders. In case of large delays, the 

dispatcher apply predetermined if-then measures in order to determine an alternative path until 

the next station and keep the ( network) traffic control center informed. In practice, major 

disturbances may influence the off-line plan of operations, thus causing primary ( initial) delays, 

such as train delays or temporary unavailability of some routes, that propagate as secondary ( 

consecutive or knock-on) delays to other trains in the network. In such situations, the timetable 

no longer provides an optimal use of the infrastructure capacity, and short-term adjustments are 

worthwhile in order to minimize the negative effects of the disturbances. This process is called 

real time traffic management, which consists of modifying the timetable such that it becomes 

compatible with the real traffic situation. Possible traffic control actions include changing dwell 

time at scheduled stops, changing train speeds along lines, or adjusting train orders at junctions, 

stations and passing points. Other control actions involve major modifications such as changing 

train‘s routes or even cancelling scheduled train journeys [9]. 

Automatic Route Setting (ARS)   is a new control technology which sets automatically the trains 

routes in a railway network. Its dynamic response makes it perfect in case of incidents and 

disruptions as trains‘ new route is rescheduled and set to operate even if one or more incidents 

occur in the network [10, 11]. Beyond this, it is customary to reschedule the train operation for 

optimum utilization of the railway system. Therefore, study of automatic route setting and 

dynamic rescheduling following a certain disturbance is vital and necessary.  

1.1 Architecture of real-time railway rescheduling process 

In the event of conflict, rescheduling operate by making decisions in order to return the initial 

running schedule. This has to be achieved on the basis of events that have already happened or 

are anticipated. The rescheduling operations should produce a fresh, non-conflicting running 

schedule that takes account of actual circumstances. In general, rescheduling needs to perform 

the following functions [12-14]: 
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▪ Start with a conflict free time table  

▪ Receive information regarding operations  

▪ Detections of conflicts  

▪ Automatic resolutions of conflicts  

▪ Generation of a new conflict free time table  

▪ Data registered for traffic purpose 

To solve a conflict, the dispatcher needs to reschedule some trains. The possible modifications 

are: 

▪ Use of alternative routes  

▪ Extension of a scheduled stop  

▪ Relocation of passing stops  

▪ Additional stops for operational requirements  

▪ Extension of running time 

▪ Cancellation of train over its complete route  

Therefore, for effective rescheduling, the goals to be achieved are: 

▪ Minimization of the overall delay of trains  

▪ Minimization of the weighted delay ( based on priority for each train ) 

▪ Returning as fast and as close to the original timetable  

The dispatcher‘s decisions have to be communicated to the operation center. The dispatcher or 

the rescheduling system resolves the conflict which has been detected in the dispatching time 

horizon, such as the 30 next minutes. If the conflict resolution method called ―extension of 

running time‖ is used, the train drivers have to be informed. This method is used to slow down a 

second faster train in order to solve the conflicts in the next station where the first slower train 

will use a siding track.  The second train receives information about the optimum speed, to avoid 

the influence of a distant signal (train movement authority protection).[15-17]. 
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Figure 1 Decision Support System 

1.2 Problem Statement 

Railway operating near their theoretical capacity can lead to disruptions in railway operation and 

can occur for different reasons such as an accident on a level crossing or train technical failures. 

Managing and scheduling activities keeping in view of competing activities and constraints have 

always been challenging. Rescheduling has to be perfectly timed and free from critical error or 

upon critical errors it must go to the fail-safe state.  

Some disturbances occurring on a simple network (a single track or double track) may lead to 

disruption of railways operations and re-routing may not be applicable as there is no alternative 

route to be used. Some other disturbances may be prevented by maintenance. Others will take 

time to be resolved and rescheduling is possible.  
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After disruptions, time tabling has to be calculated to plan the delay time and new possible routes 

have to be set for optimal operations. It‘s essential to know the factors of time tabling to 

reschedule safely and lower the delay time. As a new route has to be released, the criteria of the 

automatic route settings have to be known for optimization purpose. Hence, a delayed train may 

propagate its delay to other trains due to infrastructure, signaling or timing conflicts. Therefore, 

study on automatic routing and dynamic rescheduling during disturbance is essential so as to 

achieve safe and reliable railway transportation system. In this regard, this paper focused on the 

following issues: 

▪ How the automatic route setting respond to disruptions 

▪ How the systems manage delays and rescheduling 

▪ Case study on rescheduling Operations 

▪ Case study in  MATLAB R2009b using a neural network for delay prediction 

1.3 Thesis Objectives 

1.3.1 General Objective 

The general objective of this thesis is to study and analyze the need for automatic route setting 

and dynamic rescheduling for effective response in case of disturbances in railways operations.  

1.3.2 Specific Objective  

The specific objectives of this thesis are: 

▪ To conduct a literature survey about automatic routing and dynamic rescheduling  

▪ To develop automatic routing algorithm 

▪ To develop train rescheduling algorithm 

▪ To analyze the impact of delay on the railway system  

1.3.3 Scope of the Thesis 

 Railway network optimization with respect to performance of individual links and nodes is 

reasonably well understood. Less well developed is the knowledge of the performance of larger 

dispatching areas and their optimization after the occurrence of unexpected events, such as train 
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breakdowns, track damages, power failures and bad weather. Therefore, the scope of this thesis 

is on: 

▪ Understand the criteria for reliable rescheduling operations 

▪ Investigate about automatic route setting and timetabling algorithms   

▪ Railway simulation on a study case for railway rescheduling operations 

▪ Design of a neural network in MATLAB for data processing on a case study on 

British Rail company  

1.3.4 The Research Methodology 

The methodology used to achieve the stated objective; we have followed the following research 

diagram where we start from data collection and literature review. In this section relevant 

information about automatic route setting and dynamic rescheduling has been intensively 

investigated and necessary dates were also collected. After having a clear understanding of the 

two concepts we have developed our system model. The system model includes modeling for 

route setting, modeling for rescheduling and then delay analysis.  

 

Figure 2 Methodology table 

1.3.5 Thesis Limitations 

Data Collection and 

Literature Review 

System Modeling 

System Solving Approach 

Identification  
Model Simulation  

Automatic Route Setting and 

Dynamic Rescheduling  
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. The rescheduling operation is a large task in railway operation in which routing, scheduling, 

disruption detection and may other variables have to be taken into consideration. Since the 

operations of our National railway haven‘t begun yet, it‘s hard to collect real data regarding 

delays and affected train. Hence, we used data provided by NetworkRail. (2010) to simulate and 

analyze rescheduling Operation using a conflict free timetable provided in Appendix 

1.3.6 Thesis Organization 

This thesis is organized in five chapters. The first chapter deals about the introduction where a 

brief introduction of the thesis work is presented and problem statement along with thesis 

objectives and methodology used is clearly shown. In the second chapter, we first introduce 

about the literature review on disruptions occurring in most railway operations, then the routing 

problem in rescheduling operation and finally finish with the time tabling problem which is 

essential to understand deeply delays. 

In chapter 3, we provide the mathematical modeling of rescheduling operations specially the 

spanning tree problem used for routing and the neural network necessary for our delays analysis. 

In chapter 4, a rescheduling operation is simulated using data collected from the British rail 

company and a simulator. Data collected from the simulation are analyzed using Matlab R2009 

rescheduling operation after scenarios of disruptions. On the second hand, we create a neural 

network on MATLAB capable of learning how delays affect trains. The outputs regarding the 

learning rate of the neural algorithm also discussed in this chapter. 

Chapter 5 settled the conclusions of our work and the recommendation for future works. 
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Chapter Two 

2. Literature Review 

2.1 Disruptions in Railway Operations 

There are four basic reasons to engage rescheduling operations:[18-20] 

 Deviation- the most common type of deviation is a time deviation, specifically 

exceeding a pre-defined tolerance bandwidth in a production plan (e.g. a train is late 

or early).  Other types of deviation include a train using a different route than planned 

or operating a different combination of trains. Deviations can be the result of an 

incident, a disturbance or operational failure  

 Disturbance- A disturbance means that due to reduced availability or productivity of a 

technical component, or of an actor participating in the production, production cannot 

be continued as planned. After the disturbance is eliminated ( and the system regains 

productivity ), the production plan can be adapted 

 Incident- An incident interrupts or delays production on a short term basis. After an 

incident, all resources are fully available again and production can be continued as 

planned. Incidents often lead to schedule deviations. Incorrect inputs or either human 

errors are also classified as incidents. 

 Service change- A service change consists of adding or changing trains in the existing 

schedule (e.g. changes in a service by adding supplementary stops or adding a new 

freight train). These types of changes may also impact other lines and services and 

therefore a new schedule is needed. 

Therefore a disturbance can be distinguished from an incident or deviation by the fact that after a 

disturbance, new plan conditions (e.g. new vehicle characteristics or new infrastructure 

characteristics) must be defined, while in the case of an incident or deviation, in most cases only 

a change of the time conditions for the next reference points is required 
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2.2 Routing Problem in Rescheduling Operations 

The passage of a train through a particular block section is called an operation. A Route of a train 

is a sequence of operations to be processed in a track yard during a service (Train run). At any 

time a route is passable if all its block sections are available and the corresponding block signal 

is green or yellow, i.e.,  there are no blocked tracks ahead. The timing of a route specifies the 

starting time of each operation in the route. Each operation requires a travelling time, called the 

running time, which depends on the actual speed profile followed by the train while traversing 

the block section.  A speed profile is furthermore constrained by [21,22]: 

 The rolling stock characteristics (maximum speed, acceleration and braking rates) 

 -physical infrastructure characteristics (maximum allowed speed and signaling system)  

 -driver behavior (Coasting, braking and acceleration profiles when approaching variable 

signals aspects 

The running time includes the time needed to accelerate (or decelerate) a train due to a scheduled 

stop, as well as speed variations between two consecutive speed signs. Furthermore, the running 

time is known in advance since all trains travel at their scheduled speed, which usually contains 

some margins for recovery. In yards, the routes for the individual trains need to be setup before 

entering and cleared after leaving (route release procedure), which takes a certain switching time. 

We consider two types of optimization models addressing the routing of trains. The line planning 

problem is to decide the routes for passenger‘s trains as well as the types and frequencies of use 

of each train routes [23]. On the other hand, network routing models address the different 

problems related to freight train routing. In both cases, train scheduling models are adopted to 

determine the arrival and departure times of the train at all the relevant passing and/or stopping 

locations. 

If we consider the problem of managing real time-time table perturbations in a regional 

dispatching area. A mixed integer programing model is adopted to maximize the number of 

passengers transported and backtracking heuristic techniques are developed to solve train 

conflicts. A conflict resolution system using their algorithm has been implemented to support 

dispatchers at a traffic control center of the Spanish National railway company [24]. 
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Method Advantages Disadvantages 

Infrastructure-based train 

location  

-No additional technical 

equipment or infrastructure 

extensions are needed 

-Very accurate position 

-No information in a case of 

delay until a location point is 

passed. 

-Signification loss of time 

until deviation is detected 

   

Periodic Train location  - Periodic Information 

about train state and 

position is available. 

- Additional information 

is easily transmittable 

- Investments for train 

locations (e.g. GPS) 

and communication 

are needed. 

- Detection is not 

possible everywhere 

   

Participant Train location  - Detailed information 

about delay reason is 

transmittable 

- Is possible in addition 

to other detection 

strategy 

-Immense time lag until delay 

is transmitted to rescheduling 

system 

Table 1 Comparison between Railway rescheduling approaches 

 

2.3 Timetable Problem in Rescheduling Operations 

Network dispatchers regulate the railway traffic by sequencing the train movements and setting 

the routes with the aim of ensuring smooth train movements and limiting as much as possible 
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existing delays. Due to the strict time limit available for computing a new timetable, which so far 

is rather infeasible by using existing tools, operators usually restrict themselves mostly to a few 

manual modifications of the timetable. Experienced dispatchers have developed strategies 

allowing them simply to foresee possible disruptions well in advance and to take compensatory 

control actions based on local information. In general, minor changes are preferred instead of 

extensive rescheduling in order to alter as little as possible the original timetable.  

Many knock-on delays, however, could be prevented if the traffic was pro-actively managed 

[25], i.e , dispatchers can spend their time on preventing traffic disturbances instead of only 

solving them when they have already happened. Based on accurate monitoring of the actual train 

positions and speeds, the potential conflicting routes can be predicted in advance and might be 

resolved in real time. The adjusted targets (location-time-speed) would be communicated to the 

relevant trains by which the informed drivers could be able to anticipate better on the changed 

traffic conditions. Such a traffic management system would be effective in coordinating the 

speed of successive trains on open tracks, securing time windows at junctions/ crossings, or 

synchronizing the arrival of the trains at stations in case of delays and expected route conflicts. 

The problem is solved using an iterative two-level process. The upper level handles the order of 

meets and overtakes of trains on the tracks sections, using simulated annealing and tabu search, 

while the lower level determines the start and end times for each train and the sections it will 

occupy. Experiments on passenger trains running on a Swedish railway are presented to compare 

the proposed approaches with the optimal solutions [25]. 

Authors propose an algorithm for train dispatching with a train rescheduling pattern language 

processing system. In case of severe train traffic disruptions, caused by accidents that may 

require the suspension of some train line, the algorithm is helpful for the preparation of practical 

rescheduling plans. Applying actual train schedule data, the authors claim that their approach 

works satisfactorily. However, they apply local modifications of the original schedule that result 

in sub-optimal rescheduling decisions [26]. 

A delay may occur when a train reaches the end of a block section and the subsequent block 

section is still occupied by another train. The running time of a train on a block section starts 

when its head (the first axle) enters the block section. Safety regulations impose a minimum 

distance separation among the trains, which translates into a minimum setup up time ( time 
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headway )between the exit of a train from a block section and the entrance of the subsequent 

train into the same block section. This time takes into account the time between the entrance of 

the train head in a block section and the exit of its tail (the last axle) from the previous one, plus 

additional time margins to release the occupied route and sighting distance [27]. 

Previous works differ significantly regarding the system topology. Some papers are based on 

railway lines, while others on general on networks studies. A railway line is a set of consecutive 

stations and segments limited by two extreme stations. On the other hand, a network is a set of 

railway lines, where one station can be connected directly with two or more stations. Another 

important aspect is the type of tracks and platforms: directional/ unidirectional and single/ 

parallel tracks. These aspects constitute a very important factor of complexity, as a consequence, 

in most cases, the representation is simplified. It should be noted that, in general, the most 

complex models cannot deal efficiently with more than 30 trains. 

 

 

 
Figure 3 Cost of rescheduling different action level 

The robustness of the railway system indicates that the dynamic variations found in railway 

operation leads to an asymptotically stable behavior of the railway system and the initial 

schedule plan/ service pattern is restored as shown in figure 3  

Table 2 shows the differences of four definitions. For each definition, the delays it can handle, 

the results after the recovery, and recovery strategies are represented and compared.    



  

13 | P a g e  

 

 

Definitions   Delay situations  Results  Recovery strategies  

Stability   Perturbations  The original schedule/ service 

pattern.  

No recovery actions.  

Robustness    Minor 

disruptions  

The original schedule/ service 

pattern.  

Traffic 

 management 

strategies.  

Recoverable 

robustness  

Disruptions  A new schedule/service 

pattern with the same volume 

of traffic as the original 

solution.  

Traffic 

 management 

strategies.  

 
Table 2 Recovery Strategies 
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Chapter Three 

3. Rescheduling Operations Mathematical Modeling 

3.1 New Routes Generating Algorithms 

Sophisticated decision support tools based on mathematical programming techniques are needed 

to help dispatchers to control the railway traffic under sever disturbances, ie., large entrance 

delays, blockage of some tracks and failures of rolling stock. To this end, centralized decision 

making focuses on the point-to-point routing and scheduling of trains in a railway network by re-

optimizing the use of infrastructure capacity and minimizing the propagation of train delays. A 

point-to-point train refers to freight or passenger trains where in the origin (A) and destination 

(B) stations are fixed a priori but local routes and meet-pass decisions between A and B may be 

ascertained dynamically. This corresponds to a compound rescheduling and local rerouting 

problem which is very difficult to solve in real time for large networks and only some heuristics 

have been proposed. We thus address the conflict detection and resolution (CDR) problem, 

which is practiced every day by traffic controllers to adapt the timetable to delays and other 

unpredictable events occurring during operations. 

A local search algorithm 

In general, a local search technique starts from an incumbent solution (IncSol) and then 

iteratively moves to a neighbor solution. This is typically an incomplete algorithm, as the 

search may stop even if the best solution found (BestSol) by the algorithm is not optimal. This 

can happen even if termination is due to the impossibility of improving the current local best 

solution (LocalBestSol), as the optimal solution (OptSol) can lie far from the neighborhood of 

the solutions crossed by the algorithm. 

The neighborhood of a solution G(F,S) contains all the solutions G
0
(F

0
,S

0
) in which F

0 
is 

obtained from F by changing a single route on the ramified critical path. If the route is 

contained in the critical path, this can be replaced only with a shorter route, as stated by  
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Given a rerouting option ω, let u and v be its first and last nodes, and l(ω) be the length of route 

ω in G(F,S). We estimate the potential of a new local rerouting option ω as the quantity Π(ω) = 

l
F,S(F)

(0,v) − l
F,S(F)

(0,u) − l(ω), since the length l
F,S(F)

(0,v) might decrease to l
F,S(F)

(0,u)+l(ω) 

when changing route. We restrict the neighborhood to the ψ routes with highest potential, 

where ψ is a parameter of our local search procedure. If none of the ψ routes improves the 

solution, we evaluate the next ψ routes with highest potential. The procedure continues as long 

as an improvement is possible or no rerouting option is available or the time limit is reached. 

For each of the ψ best routes we define a neighbor F 
0 

by replacing an old route of F 

from node u to node v with a new route, including all the fixed arcs required to 

implement the new route and its railway constraints, and then execute the train 

rescheduling procedure. Among the ψ new solutions G
0
(F 

0
,S

0
), we choose the one 

having the shortest critical path, i.e., the one minimizing the maximum consecutive 

delay. In case of tie, we choose the solution with minimum average consecutive delay

 

 

Figure 4 Rescheduling plan used in simulation 

 

Pseudo code for routing with Prim algorithm in c++ 
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struct node 

{ 

    int fr, to, cost; 

}p[6]; 

int c = 0, temp1 = 0, temp = 0; 

void prims(int *a, int b[][7], int i, int j) 

{ 

    a[i] = 1; 

    while (c < 6) 

    { 

        int min = 999; 

        for (int i = 0; i < 7; i++) 

        { 

            if (a[i] == 1) 

            { 

                for (int j = 0; j < 7; ) 

                { 

                    if (b[i][j] >= min || b[i][j] == 0) 

                    { 

                        j++; 

                    } 

                    else if (b[i][j] < min) 

                    { 

                        min = b[i][j]; 

                        temp = i; 

                        temp1 = j; 

                    } } 

            } 

        } 

        a[temp1] = 1; 

        p[c].fr = temp; 

        p[c].to = temp1; 

        p[c].cost = min; 

        c++;        

        b[temp][temp1] = b[temp1][temp]=1000; 

    } 

    for (int k = 0; k < 6; k++) 

{ 

        cout<<"source node:"<<p[k].fr<<endl; 

cout<<"destination node:"<<p[k].to<<endl; 



  

17 | P a g e  

 

        cout<<"weight of node"<<p[k].cost<<endl; 

    } 

} 

int main() 

{ 

    int a[7]; 

    for (int i = 0; i < 7; i++) 

    { 

        a[i] = 0; 

    } 

    int b[7][7]; 

    for (int i = 0; i < 7; i++) 

    { 

        cout<<"enter values for "<<(i+1)<<" row"<<endl; 

        for (int j = 0; j < 7; j++) 

        { 

            cin>>b[i][j]; 

        } 

    } 

    prims(a, b, 0, 0); 

getch(); 

Approximation used in our algorithm 

A graph (directed or undirected) is an ordered pair of sets G=(V,E) . V is a non-empty and finite 

set of elements called vertices. E is a set of edges or lines, which are 2-element subsets of V (an 

edge is related with two vertices, and the relation is represented as an unordered/ordered pair of 

the vertices with respect to the particular edge).  [29] 

The elements of E are unordered in the case of undirected graphs and the unordered pair of 

vertices x and yare written as [x, y]. In the case of directed graphs, the pairs in the E set are 

ordered. The pair of vertices x and y, written (x, y); x is called initial extremity of edge (x, y) and 

y is called final extremity of edge (x, y).  

If an edge with extremities x and y exists, then vertices x and y are adjacent; each extremity of an 

edge is considered incident with the respective edge. We will consider that the extremities of 

every edge are distinct (the graph does not contain any loops). Between any given two vertices of 

the graph there can be at most only one edge.  
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The information associated with a graph can be as complex as required, but, in order to simplify 

the problem, we will consider that the vertices are labeled as numbers from 1 to n (where n is the 

number of vertices in the graph). This labeling is not a restriction (in the following chapters, the 

vertex number will represent the position, within an array, of the information associated to the 

vertex).  

A route (within a directed graph) is a sequence of vertices (x1,x2,...,xn ) in which for any pair 

of consecutive vertices xi and xi+1 there is an edge (xi,xi+1). The route is elementary if any 

vertex is encountered only once in the route. A route is simple if any edge is encountered 

only once in the route.  

The first step required is the identification of track elements involved in setting the route, 

assigning a unique identifier for each of the elements (the label for the corresponding graph 

vertex) and the definition of the distance matrix.  

In the case that a railway traffic signal or a point machine does not validate the availability 

requirements, it cannot be used in the route searching procedure. In this case, the matrix elements 

(2) related to that particular traffic signal or point machine are cancelled (e.g. ar,j=0 and ai,r=0 for 

track element r, where i,j=1,…,n).  

Similarly, if one of the track sections is not available, the edge corresponding to its start and end 

vertices is cancelled (e.g. if the start and end vertices are p and q, ap,q=0).  

The availability matrix allows the generation of the route list based only on the 

availability of the track elements, disregarding the route distance.  

If we wish to generate a route list based on the route distance, as well as the track element 

availability, based on rules (1) and (2) we can define another square matrix T=(ti,j), where 

ti,j=mi,j*ai,j, i,j=1,…,n (3). 

3.2  New Schedules Generating Algorithms 

We first present four dynamic implication rules. The first two rules are specific for the 

alternative graph model [30] while the two latter rules were designed [31] for the disjunctive 

graph but apply as well to the alternative graph model. In what follows, tails qi, heads ri, 

processing times pi and the values l
S
(0,i) and l

S
(i,n) are computed for all nodes i ∈ N(F). [30] 
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Proposition 5.1.1: Given a selection S, if ((i,j),(h,k)) is an unselected pair of alternative arcs and 

l
S
(k,h) + ahk > 0, then arc (h,k) is forbidden and arc (i,j) is implied by S. 

Proposition 5.1.2: Given a selection S, if ((i,j),(h,k)) is an unselected pair of alternative arcs and 

l
S
(i,j) ≥ aij, then arc (i,j) is called redundant and this is implied by S. 

Proposition 5.1.3: Given a selection S, if ((i,j),(h,k)) is an unselected pair of alternative arcs and 

rh + ahk + qk ≥ UB, then arc (h,k) is forbidden and arc (i,j) is implied by S. 

Proposition 5.1.4: If J is an ascendant set of oc, all arcs (σ(c),j), ∀oj ∈ J, are forbidden. If J is a 

descendant set of oc, all arcs (σ(j),c), ∀oj ∈ J, are forbidden. 

The following propositions are introduced to establish a link between the selection of arcs from 

different alternative pairs.[32] 

Proposition 5.1.5: Consider a selection S and two unselected alternative pairs ((a,b),(c,d)) and 

((i,j),(h,k)). If aab+l
S
(b,i)+aij+l

S
(j,a) ≥ 0, then arc (h,k) is implied by selection S ∪{(a,b)} and arc 

(c,d) is implied by selection S ∪{(i,j)}. 

Proposition 5.1.5 can be applied particularly with the empty selection S∅, when the graph G(∅) 

is composed only of fixed arcs associated with the train routes. During the execution of the 

solution procedure, the selection of an arc causes the selection of the entire set of arcs implied 

by this arc. The next proposition expresses rule 5.1.5 in terms of the railway physical 

configuration. 

Proposition 5.1.6: Consider two alternative pairs ((a,b),(c,d)) and ((i,j),(h,k)). Then, aab + l∅(b,i) + 

aij + l∅(j,a) ≥ 0 if the following conditions hold. 

1. Nodes b and i are associated with a train TA and are connected by a directed path of fixed 

arcs, i.e., TA executes ob before oi. 
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2. Nodes j and a are associated with a train TB and are connected by a directed path of fixed 

arcs, i.e., TB executes oj before oa. 

TA and TB pass through the block sections ((a,b),(c,d)) and ((i,j),(h,k)) refer to 

Method used to solve the mathematical modeling  

Branch and bound search has been known for a long time and has been widely used in solving a 

variety of problems, such as integer linear programming and combinatorial optimization 

problems. In general, the goal in such problems is to systematically search a very large space to 

find a globally optimal solution. Since the search space is intractably large, some implicit 

method is required in order to rule out regions of the search space that contain no interesting 

solutions. Branch and bound algorithms work by the divide and conquer principle: the search 

space (enumeration tree) is subdivided into smaller subregions (this subdivision is referred to as 

branching), and bounds are found on all the solutions contained in each subregion under 

consideration. The strength of the branch and bound approach comes when bounds on a large 

sub-region show that it contains only inferior solutions, and so the entire subregion can be 

discarded (pruned) without further examination. Ideally the procedure stops when all the search 

space is explored. At that point, all non-pruned subregions will have their bounds equal to the 

global minimum of the function (proven optimum). In practice the procedure is often 

terminated after a given time (near-optimum ). 

Running time calculation 

The trapezoidal speed trajectory becomes an S-curve position trajectory having three distinct 

segments corresponding to the acceleration, deceleration, and constant speed portions of the 

trajectory, and since the calculation varies for each of the segments, it is necessary to determine 

the time (or position) at which one segment ends and the following segment begins. The 

minimum energy and best case scenario for moving a load through a position trajectory is when 

all three times T1, T2 and T3 are equal, but in some applications this is not always practical. 

The diagram below shows the simple and familiar case of a trapezoidal speed trajectory with 

symmetrical acceleration and deceleration times and a sustained constant speed motion 

segment 
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Figure 5 Train speed profile 

 

Approximation of the trapezoidal diagram 

 

 

Figure 6 Approximation speed profile of train 

In cases when the distance trajectory is short compared to either one or both of the ramp times, 

the trajectory becomes triangular, and calculating the ramp times T1 and T2 necessary to 

generate the trajectory becomes a bit more complicated. In the figure above, the acceleration and 

deceleration rates are different, and the top speed vmax may be less then the vmax speed in the 

previous trapezoidal trajectory; this presents a more generalized trajectory case, which can be of 

practical importance when, for example, the motor is driving a high inertial load and requires a 

slower stop ramp to help dissipate the inertial energy. 

The total distance D travelled during a triangular trajectory is the time integral of the acceleration 

and deceleration speed ramps over their respective durations T1 and T2. Visualize the total 

distance as the combined areas under the acceleration and deceleration triangles. This 

relationship leads to equation 1 below, which is simply the area under the two triangles: 

  
 

 
    

  
 

 
    

       Eq.1 

At the peak speed, the maximum acceleration ramp speed equals the maximum deceleration 

ramp speed. So equating these peak speeds leads to equation 2 below 

.                 Eq. 2 
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This equation is re-organized to Eq. 3 below.  This describes the fact that the acceleration and 

deceleration ramp times are proportional based on the ratio of the acceleration and deceleration 

rates: the faster the acceleration ramp, the shorter the time allotted to the acceleration. 

   
  

  
       Eq. 3 

 

The following steps substitutes the relationship between the acceleration and deceleration 

periods expressed in Eq. 3, into the distance relationship in Eq. 1, then solves for the 

deceleration time T2 in Eq.  4. 
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   √    
  
 

  
       Eq. 4 

   
  

  
        Eq. 3 

3.3 Spanning Tree in routing problem 

One of the most important algorithms in graph theory is the creation of networks with the 

property that have minimal length of links but with the property that all nodes still remain 

connected to the network. This is known as a minimal spanning tree. There are many algorithms 

for creating a minimal spanning tree but the simplest uses an approach known as the ‗‘ greedy 

algorithm ‗‘. Essentially this means choosing a node that is closest to an existing node and 

making that a link in the spanning tree. The algorithm proceeds by adding the next closest link in 

the network to the existing minimal spanning network. It is sometimes known as Prim‘s 

Algorithm. The uses of term ‗‘tree‘‘ arises because there are no circuits or loops in a minimal 

spanning tree. It can be shown that this simple algorithm does indeed produce the minimum 

connecting set of links for a network. In that sense it produces an optimal outcome in terms of 

minimizing connecting set of links for network- a rather valuable property given the cost of 

transportation on rail lines [33]. 
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The number of connections a node has with other nodes is defined as the degree of the node. 

Most nodes in this network have single tracks but some nodes have more links. The relationship 

between the number of nodes and their degree has been observed by numerous studies to follow 

a power distribution with most nodes having a few links and a few nodes having many links. 

Scale free networks are so termed because the structure of the network remains the same no 

matter how closely one examines the network. It has ‗‘ fractal‘‘ properties in that there is self 

similarity independent of the scale of observation of the network. This property is important 

because it can be shown that this means the network is quite robust to disruptions. If some links 

are broken, for whatever reason, a high degree of connectivity remains in the network. 

Now suppose the edges of the graph have weights or lengths. The weight of a tree is just the sum 

of weights of its edges. Obviously, different trees have different lengths. The problem: how to 

find the minimum length spanning tree? 

This problem can be solved by many different algorithms. It is the topic of some very recent 

research. There are several "best" algorithms, depending on the assumptions you make: 

 • A randomized algorithm can solve it in linear expected time. [34] 

 • It can be solved in linear worst case time if the weights are small integers. [35] 

 • Otherwise, the best solution is very close to linear but not exactly linear. The exact bound 

is O(m log beta(m,n)) where the beta function has a complicated definition: the smallest i 

such that log(log(log(...log(n)...))) is less than m/n, where the logs are nested i times. [36] 

 

These algorithms are all quite complicated, and probably not that great in practice unless you're 

looking at really huge graphs 

For simplicity, we assume that there is a unique minimum spanning tree. You can get ideas like 

this to work without this assumption but it becomes harder to state your theorems or write your 

algorithms precisely. 

 

Assumptions. we adopt the following conventions: 

 • The graph is connected. The spanning-tree condition in our definition implies that the 

graph must be connected for an MST to exist. If a graph is not connected, we can adapt 

our algorithms to compute the MSTs of each of its connected components, collectively 

known as a minimum spanning forest. 
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 • The edge weights are not necessarily distances. Geometric intuition is sometimes 

beneficial, but the edge weights can be arbitrary. 

 • The edge weights may be zero or negative. If the edge weights are all positive, it suffices 

to define the MST as the subgraph with minimal total weight that connects all the 

vertices. 

 • The edge weights are all different. If edges can have equal weights, the minimum 

spanning tree may not be unique. Making this assumption simplifies some of our proofs, 

but all of our our algorithms work properly even in the presence of equal weights. 

 

The c++ algorithm on the spanning tree is designed to motivate the modern definition of a ―tree‖ 

found in books covering graph theory, and then offer several applications of trees as well as one 

of the first algorithms for finding a minimal spanning tree. The source code are shown on 

Appendix B.  

The output is shown on figure 7. The number of edges is 7. We assign the initial weights. The 

algorithm is capable of assigning the minimum weights to travel from source number i to 

destination j.We can see the output revealing the minimum weights between each source and 

each destination. as follows 
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Figure 7 Input of our C++ program using Prims algorithm 
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Figure 8 Output of our C++ program using Prims algorithm 

 

In our results we developed a rational approach to construct the routing of trains in a edged graph 

railway network. In particular, we proposed an optimal path searching algorithm which 

combined the Prim‘s algorithm to provide users with more regular and reliable rail system by 

optimizing the route among stations. Here, we make use of Prims Algorithm. The results show 

how to optimize the routes among stations and present the user with the shortest route. Here 

shortest route is in terms of distance between the edges and not the time taken to travel from one 

station to another . 

3.4 Neural Network Use for Delay Analysis 

MLP has been inspired by biological neural connections in the human brain. The architecture of 

an MLP is significantly more simplified than that of a biological brain system. An MLP normally 

consists of an input layer, (at least) an intermediate layer (i.e., the hidden layer), and an output 

layer, which shows the performance output of the system. [37] 

Let    represent the input values in a three-layer perceptron. The output of the hidden layer  

  and that of the output layer are respectively expressed as follows: 

      ((∑  
 

 

   

  )    )   ∈      ∈   
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       ((∑   
  

 

   

  )    ) 

where    
 is the connection weights between the input and hidden layer,   is the bias of the 

hidden layer,   is the activation function of the hidden layer;   
 is the connection weights 

between the hidden and output layer,   is the bias of the output layer, and    is the activation 

function of the output layer.In the system, the hidden layer enhances the adaptive learning in 

MLP, which is the ability to learn how to do tasks on the basis of the data given for training or 

initial experience. 

Let         be a training pair in training data D. Then, for arbitrary hidden layer neuron, error E 

in the weight space can be interpreted as follows:        

  
 

 
       

  
 

 
∑ 

  ∈ 

      
  

 

where 

   is the targeted (desired) output of the MLP,   is the actual (calculated) output of the MLP, d 

is the    input for the MLP, and D is the training data of the MLP. 5 [18]. 

• Single layer can be used only for simple problems. However its computation time is very fast. 

• Multi-layer are most of the neural networks expect deep learning. it uses one or two hidden 

layers . The main advantage is they can be used for difficult to complex problems. 

However, they need long training time sometimes. 

• Recurrent neural networks are used for dynamic systems mainly and for control systems since 

it is time-based and information might flow in any direction. You can use them for time 

based systems where you have a delay and a feedback. 

• Another great class is the radial basis and generalized regression neural network. They are 

very good for approximation .GRNN(General regression neural network) is very quick 

single pass . 
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Chapter four 

4. Simulation and result analysis 

4.1 Simulation environment 

A railway network with mixed services, was used as the basis of the model, and shown in Figure 

8. The entire network has been allocated to three junctions and rescheduling is applied after 

scenario 1 and 2 occurs. The simulation is run using OPenRail 1-2. Stations and signals can be 

selected from a menu and set as timing points. In addition to timing points, the arrival and 

departure times at stations and passing times at selected signals can be recorded for all trains. 

From this information, details of the propagation of delays in the system can be analyzed by the 

visualization method using matlab R2009b 

 

 
Figure 8 area of simulation 

 

 

 

The simulation is carried out with a simplified timetable with 37 services running from 7:00 am 

to 9:00am based on a timetable published by Network Rail [39] (see Appendix C). These 
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services operates with four types of vehicles, which are Class 91, Class 317, Class 313 and 

TL39. The characteristics of each type are presented in Table 3, including the maximum speed of 

the train, the maximum braking and acceleration rates, and the train-specific delay penalties. All 

this information is used to simulate train running and rescheduling cost in delays 

Type  Class 91  Class 317  Class 313  TL39  

Maximum speed (𝑘𝑚/ℎ )  201  160  121  160  

Maximum braking rate (𝑚𝑠−2
)  0.67  0.78  0.78  0.78  

Max acceleration (𝑚𝑠−2
)  0.588  0.588  0.588  1  

Total mass (tonnes)  394  264  220  332  

Train length (m)  253.9  158.6  118  161.99  

Number of seats  400  400  231  231  

Penalty (£𝑠−1
)  0.5  0.2  0.1  0.1  

Table 3 Trains specifications 

Introduction to the delay scenarios   

Scenario 1: Train E1 is delayed at Potters Bar Station for 930 seconds and at Finsbury Park 

for 300 seconds. For this scenario, one train is delayed before passing through DC-1, and 

rescheduling strategy is applied.  

Scenario 2: Train E1 is delayed at Potters Bar Station for 930 seconds and at Finsbury Park 

for 300 seconds. Train J2 is delayed at Old Street Station for 510 seconds  

4.2 Results 

To evaluate the results, the delay propagations of different trains are presented. Considering the 

cost function to minimize the total delay penalty, the total weighted delay is used to help 

visualize and compare the results. Delays are weighted according to the train type: the weight for 

the passenger trains (vehicle types are Class 313 and TL39) is 1, for the premium passenger 

trains (vehicle types are Class 317) it is 2, and for high speed trains (vehicle types are Class 91) it 

is set to 5.  

Table 4 and Table 5 show the results obtained by applying our rescheduling approach, including 

the times to active rescheduling, places of rescheduling, rescheduling approaches and the 

planned order in which the trains pass the junction area. 
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Simulation Result for Scenario 1 

 

07:00:00  DC-1  Order = [S11, S16]  

07:00:00  DC-2  Order = [S17, S20, S33]  

07:00:00  DC-3  Order = [S17, S20, S18, S19, S34]  

07:33:00  DC-1  Order = [S12, S24, S15, S13, S21, S14, 

S22,  

S28]  

07:33:53  DC-2  Order = [30]  

07:35:35  DC-3  Order = [S33, S30, S31, S32]  

07:46:08  DC-1  Order = [S27, S13, S21, S14, S22, S28, 

S25,  

S23, S26]  

07:50:46  DC-2  Order = [S15, S14]  

07:56:27  DC-1  Order = [S28, S22, S25, S26, S23]  

08:00:56  DC-3  Order = [S45]  

08:01:52  DC-2  Order = [S28, S41]  

08:03:53  DC-2  Order = [S42]  

08:05:35  DC-3  Order = [S41, S42, S44, S46]  

08:11:08  DC-1  Order = [S37, S26, S39, S23, S40, S35, 

S36,  

S38]  

08:18:49  DC-2  Order = [S26, S40, S38]  

Table 4 Results of rescheduling strategy for scenario 1 

In Table 4, the application of our rescheduling plan applies at each time to the order of services 

have entered the junction area, which means, the trains out of the selected area are deleted from 

the original timetable order.  There is a significant influx in the total weighted delay at time   = 

7.8 ℎ because of the fact that the disruption on E1 at Finsbury Park Station delays the trains 

behind it. 

Simulation Result for Scenario 2 
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Rescheduling time  Junction area  Order of the trains  

07:00:00  DC-1  Order = [S11, S16]  

07:00:00  DC-2  Order = [S17, S20, S15, S33, S30, S14, S28,  

S41, S42, S26, S40, S38]  

07:00:00  DC-3  Order = [S17, S20, S18, S19, S34, S33, S30,  

S31, S32, S45, S41, S42, S44, S46]  

07:33:00  DC-1  Order = [S12, S24, S15, S13, S21, S14, S22,  

S28]  

07:46:08  DC-1  Order = [S27, S13, S21, S14, S22, S28, S25,  

S23, S26]  

07:56:27  DC-1  Order = [S28, S22, S25, S26, S23]  

08:11:08  DC-1  Order = [S37, S26, S39, S23, S40, S35, S36,  

S38]  
Table 5 Results of rescheduling after scenario 2 

The result from the rescheduling cost function (i.e. total delay penalty) and the three KPIs of the 

delay propagation - maximum lateness, time to recover and integral of delay of each scenario are 

collected and summarized in Table 6 and Table 7. It can also be given as a proportion of the 

maximum possible integral of delay as: Integral of delay proportion = Integral of delay/ 

(Maximum lateness* Time to recover). This value gives an indication of how severe the delays 

were relative to the maximum lateness throughout the period of delay. 

 

Total delay 

penalty (£)  

Maximum  

weighted  

Lateness ( )  

Time  to  

recover  

(𝐬)  

Integral Delay (𝐬𝟐)  

(normalized value  

(%))  

Proportion  

of    

Integral  

Delay (%)  

674.3  7165  3055  7943800 (100)  36.29  

Table 6 Summary of delay propagation in scenario 1 

Table 6 shows total delay penalty and takes 3055 s to recover from the disturbed situation in 

scenario 1. Table 7 shows total delay penalty and takes 3102 s to recover from the disturbed 

situation in scenario 2 
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Total delay 

penalty (£)  

Maximum  

weighted  

Lateness ( )  

Time to  

recover  

(𝒔)  

Integral Delay (𝒔𝟐) 

(normalized value  

(%))  

Proportion of   

Integral Delay  

(%)  

738.1  8056  3102  10597535 (100)  42.41  

Table 7 Summary of delay propagation in scenario 2 

Maximum lateness indicates the maximum total lateness of all journeys running in the network 

within the time window  ; it indicates the worst delay situation. Time to recover measures how 

quickly the system returns back to a situation with no delays. The third main measure,  

Integral of delay, measures the area under the lateness curve. Combined with the other two KPIs, 

this measure gives a quantitative summary of the delayed situation.   

It can also be given as a proportion of the maximum possible integral of delay as: Integral of 

Delay proportion = Integral of delay/ (Maximum lateness* Time to recover). This value gives an 

indication of how severe the delays were relative to the maximum lateness throughout the period 

of delay.  

The whole network has been divided into different junctions and each DC indicates a junction 

area along the network. These junctions work individually and independently, but the network 

database are shared by all of them. The components of this architecture are detailed and 

illustrated with this case study. 

The advantages are that this method may increase the efficiency of rescheduling in a large scale 

network because all DCs are processing in parallel and asynchronously, and this method 

achieves coordination between each DC. The rescheduling results are proven to be feasible and 

efficient for rescheduling problem. The disadvantage is that global optimization cannot be 

guaranteed because of the distributed architecture, and boundaries of the DCs should be carefully 

defined, which will influence the final results 

 Neural network use for delay Analysis 

 
The data has been collected from Britain railway. It represents the data delays collected and their 

impact on number of trains in a single area after in type of disruption. We will show how the 
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learning rate of such neural network can be used to predict future impact of the same disruptions 

type. 

For our experiments, we have chosen a window size of 1 year where data regarding delays and 

the trains they affect are collected .We will implement on matlab R2009 a neural architecture of 

type Multilayer Perceptron. 

In the experiment, the samples deployed in the model principally consist of two subsets, namely, 

training and test samples. Sample size is defined as the number of samples in one subset. The 

training subset data are used to recognize and analyze the potential structure of the connection 

weights by gradient descent in training phases. Meanwhile, the samples in the test subset are not 

used during training but are employed to verify these weights. The input features of a neural 

network are the input variables derived from a dataset that are fed into the neural network. The 

target will represent the number of trains affected by the delay for one type of disruption.  

We began with the intention of analysis and modelling the delay impact on trains on the British 

rail network. We showed that our neural structure reach the performance target of 98 percent as 

shown on  figure 9 

 

 

Figure 9 Architecture of neural network used 
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Figure 90 showing Training coefficient R 

 

 
Figure 11 of Adjusted weights of the coefficient R 
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Figure 12 MSE evolution with number of iterations (Epochs) 

The process of training a neural network involves tuning the values of the weights and biases of 

the network to optimize network performance. The default performance function is mean square 

error (MSE)the average squared error between the network outputs a and the target outputs t. 

During training, the progress is constantly updated in the training window. Of most interest are 

the performance, the magnitude of the gradient of performance and the number of validation 

checks. The magnitude of the gradient and the number of validation checks are used to terminate 

the training. The gradient will become very small as the training reaches a minimum of the 

performance. Each time a neural network is trained, can result in a different solution due to 

different initial weight and bias values and different divisions of data into training, validation, 

and test sets. As a result, different neural networks trained on the same problem can give 

different outputs for the same input. To ensure that a neural network of good accuracy has been 

found, we retrain several times. 
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  Figure 13 Summary on Gradient and learning rate evolution during learning process 

With the operational data and delay available, delay combinations can be easily formed for each 

primary delay. Trains that have suffered a knock-on delay are allocated to the delay combination 

of their respective primary delay. We set up a regression plot, which shows the relationship 

between the outputs of the network and the targets. If the training were perfect, the network 

outputs and the targets would be exactly equal, but the relationship is rarely perfect as in this 

case study. The trained network extracts the outputs and targets that belong to the training, 

validation and test subsets. The final command creates three regression plots for training, testing 

and validation. 

The three plots represent the training, validation, and testing data summarized in Figure 12. The 

dashed line in each plot represents the perfect result – outputs = targets. The solid line represents 

the best fit linear regression line between outputs and targets. The R value is an indication of the 

relationship between the outputs and targets. If R = 1, this indicates that there is an exact linear 

relationship between outputs and targets. If R is close to zero, then there is no linear relationship 

between outputs and targets. The performance curve looks good. Training, cross validation and 
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test sets are not deviating from each other to any serious extent. Although more training could 

probably continue in order to lower the MSE, training here stopped after 461 iterations. Next is 

the regression plot in figure 13. It also looks good, to some extent. This graph indicates how 

close to regression this neural network is. 

For this study, the training data indicates a good fit. The validation and test results also show R 

values that greater than 0.8(See figure 10 and 11). The next step would be to investigate this data 

point to determine if it represents extrapolation (i.e., is it outside of the training data set). If so, 

then it should be included in the training set, and additional data should be collected to be used in 

the test set. 

This simulation shows the application of neural network architecture to extract information on 

the condition of railway vehicle systems from diagnostic event data and to use the extracted 

patterns for predicting occurring operational disruption events with a learning rate of 98 percent. 

Delays above average value are caused by delays of other railway companies or by extraordinary 

events (e.g.: snowing, problems at switches due to extremely cold weather)  

In light of the aforementioned findings we can state that this kind of examination can and should 

be done, in order to achieve a deeper understanding of the system and delay impact. With this 

understanding, one is able to conclude both short- and long-term development and management 

activities. In short-term activity, as in real-time train dispatching, the information can offer 

answers to questions such as how to mitigate the emergence of secondary delays, how to 

prioritize trains, and how to recognize possible patterns to predict how many trains could be 

affected by such delays. 
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Chapter Five 

5. Conclusions and Recommendation  
 

5.1 Conclusion 

The occurrence of disruptions leads to a chain of knock-on delays in the railway network due to 

the growth of traffic demands and limited resources. In this thesis, rescheduling approaches are 

studied to minimize the effect of these delays. The purpose of real-time train rescheduling is to 

find a conflict-free operating schedule for the services in a given area and a given time horizon 

during operations, providing a solution that is compatible with the actual traffic conditions and 

infrastructure constraints. The main objective of this thesis is to provide the dispatchers with 

better decision support by considering the delay propagation of the whole railway network after 

disruptive events.   

A time-based delay propagation graph is developed to visualize and evaluate the delay recovery 

performance. Rescheduling is applied in two scenarios for minimizing the delays. The local 

rescheduling systems generate reschedule plans applied on different junctions 

A case study is presented to verify the feasibility and efficiency of this control architecture to the 

train rescheduling problem. The advantages are that this method may increase the efficiency of 

rescheduling in a large scale network because all DCs are processing in parallel and 

asynchronously, and this method achieves coordination between each because of acceptable 

delays penalty recorded.  

In the second part of the simulation, we have shown the significance of processing delays 

especially in railway traffic systems with a high proportion of single tracks. We discovered the 

current ways to analyze delays based on the trains affected by disruptions and found that data 

mining could offer a novel approach for understanding the delays propagation. We designed a 

neural network that at least process the most explicit delay chains and identify how many trains 

are affected with a learning rate of 98 percent. We achieved a high learning rate because the 

volume of data processed is little compared to the actual volume of delays our railway system 

provided. The last requires high computational power to run a consequent MLP 
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Correspondingly, in long-term planning, the information can help to develop the structure of the 

timetable in the form of adding buffer times, removing critical correlations and so on, in order to 

gain a more robust railway system. 

Since the main contribution of this paper was to understand the rescheduling operations, the 

design of a perceptron for delay processing is a good case study and shows how neural networks 

an option for railway data processing. Hence, it can be said that the study achieves both scientific 

and pragmatic significance, for this study takes the first step to examine delay propagation within 

railway traffic system and suggests a useful process to end-users for analyzing the actual data 

regarding rescheduling operations. 

5.2 Recommendation 

 

Artificial neural networks have some interesting properties that made these families of machine 

learning algorithms very appealing when confronting difficult patter-discovery tasks.  

From the proposed artificial neural network, and the case study applied to the British Rail 

network, several recommendations can be done regarding a follow-up research, data 

management in railway operations and similar machine learning applications. 

A focus towards relational integrated data management instead of using the traditional table-

based format would greatly increase the possibilities for other studies such as this one, and the 

general versatility of the data model. As proven in this study, the use of a relational data model 

such as a graph model enables for more in-depth studies into the dynamics of railway operations, 

and more general combinatorial analysis. 

The current practice to store all information in separate systems with minimal horizontal 

integration makes the execution of a similar study harder to start up. The possibilities for big data 

analysis that open up from utilizing a more integrated data model would have enormous potential 

for issues in asset management, maintenance planning, traffic control and long-term strategic 

planning. 

With the correct data and machine learning methods, the theoretical possibilities would 

supersede the current performance of micro-simulation in both accuracy and applicability, given 
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that machine learning methods keep advancing at the current rate. The best performing artificial 

neural networks can have millions of connections and weight parameters. Theoretically the 

performance of artificial neural networks using more layers and more connections should 

improve significantly, suggesting that this method can ideally reach a better accuracy 
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Appendix A 
 

 

/* 

* C++ Program to Find MST(Minimum Spanning Tree) using Kruskal's Algorithm 

*/ 

#include<iostream> 

#include<conio.h> 

using namespace std; 

int flag = 0, v[7]; 

struct node_info 

{ 

    int no; 

}*q = NULL, *r = NULL; 

struct node 

{ 

    node_info *pt; 

    node *next; 

}*top = NULL, *p = NULL, *np = NULL; 

void push(node_info *ptr) 

{ 

    np = new node; 

    np->pt = ptr; 

    np->next = NULL; 

    if (top == NULL) 

    { 

        top = np; 

    } 

    else 

    { 

        np->next = top; 

        top = np; 
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    } 

} 

node_info *pop() 

{ 

    if (top == NULL) 

    { 

        cout<<"underflow\n"; 

    } 

    else 

    { 

        p = top; 

        top = top->next; 

        return(p->pt); 

        delete(p); 

    } 

} 

int back_edges(int *v,int am[][7],int i,int k) 

{ 

    q = new node_info; 

    q->no = i; 

    push(q); 

    v[i] = 1; 

    for (int j = 0; j < 7; j++) 

    { 

        if (am[i][j] == 1 && v[j] == 0) 

        { 

            back_edges(v, am, j, i); 

        } 

        else if (am[i][j] == 0) 

            continue; 

        else if ((j == k) && (am[i][k] == 1 && v[j] == 1)) 
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            continue; 

        else 

        { 

            flag = -1; 

        } 

    } 

    r = pop(); 

    return(flag); 

} 

void init() 

{ 

    for (int i = 0; i < 7; i++) 

        v[i] = 0; 

    while (top != NULL) 

    { 

        pop(); 

    } 

}    

void kruskals(int am[][7], int wm[][7]) 

{ 

    int ve = 1, min, temp, temp1; 

cout<<"/n/nEDGES CREATED AS FOLLOWS:-/n/n"; 

    while (ve <= 6) 

    { 

        min = 999, temp = 0, temp1 = 0; 

        for (int i = 0; i < 7; i++) 

        { 

            for (int j = 0; j < 7; j++) 

            { 

                if ((wm[i][j] < min) && wm[i][j]!=0) 

                { 
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                    min = wm[i][j]; 

                    temp = i; 

                    temp1 = j; 

                } 

                else if (wm[i][j] == 0) 

                    continue; 

            } 

        } 

        wm[temp][temp1]=wm[temp1][temp] = 999; 

        am[temp][temp1]=am[temp1][temp] = 1; 

        init(); 

        if (back_edges(v, am, temp, 0) < 0) 

        { 

            am[temp][temp1]=am[temp1][temp] = 0; 

            flag = 0; 

            continue; 

        } 

        else 

        { 

            cout<<"edge created between "<<temp<<" th node and "<<temp1<<" th node"<<endl; 

            ve++; 

        }             

    } 

} 

int main() 

{ 

    int am[7][7], wm[7][7]; 

    for (int i = 0; i < 7; i++) 

        v[i] = 0; 

    for (int i = 0; i < 7; i++) 

    { 
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        for(int j = 0; j < 7; j++) 

        { 

            am[i][j] = 0; 

        } 

    } 

    for (int i = 0; i < 7; i++) 

    { 

        cout<<"enter the values for weight matrix row:"<<i + 1<<endl; 

        for(int j = 0; j < 7; j++) 

        { 

            cin>>wm[i][j]; 

        } 

    } 

    kruskals(am,wm); 

    getch(); 
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}
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Appendix B 
 

 
/* 

* C++ Program to find MST(Minimum Spanning Tree) using  

* Prim's Algorithm 

*/ 

#include <iostream> 

#include <conio.h> 

using namespace std; 

struct node 

{ 

    int fr, to, cost; 

}p[6]; 

int c = 0, temp1 = 0, temp = 0; 

void prims(int *a, int b[][7], int i, int j) 

{ 

    a[i] = 1; 

    while (c < 6) 

    { 

        int min = 999; 

        for (int i = 0; i < 7; i++) 

        { 

            if (a[i] == 1) 

            { 

                for (int j = 0; j < 7; ) 

                { 

                    if (b[i][j] >= min || b[i][j] == 0) 

                    { 

                        j++; 

                    } 

                    else if (b[i][j] < min) 

                    { 

                        min = b[i][j]; 

                        temp = i; 

                        temp1 = j; 

                    } } 

            } 

        } 

        a[temp1] = 1; 
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        p[c].fr = temp; 

        p[c].to = temp1; 

        p[c].cost = min; 

        c++;        

        b[temp][temp1] = b[temp1][temp]=1000; 

    } 

    for (int k = 0; k < 6; k++) 

{ 

        cout<<"source node:"<<p[k].fr<<endl; 

cout<<"destination node:"<<p[k].to<<endl; 

        cout<<"weight of node"<<p[k].cost<<endl; 

    } 

} 

int main() 

{ 

    int a[7]; 

    for (int i = 0; i < 7; i++) 

    { 

        a[i] = 0; 

    } 

    int b[7][7]; 

    for (int i = 0; i < 7; i++) 

    { 

        cout<<"enter values for "<<(i+1)<<" row"<<endl; 

        for (int j = 0; j < 7; j++) 

        { 

            cin>>b[i][j]; 

        } 

    } 

    prims(a, b, 0, 0); 

getch(); 

} 

 

 

[ 
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Appendix C 

NOMINAL TIMETABLE OF THE CASE STUDY  

  

The simulation in Chapter 4 is carried out with a simplified timetable with 37 services running 

from 7:00 am to 9:00am based on a practical timetable published by Network Rail [39]. The 

following tables give the information of these 37 services, including the Train numbers, Service 

IDs/Train IDs, Types of vehicles, Departure time at the stations, Minimum and Maximum dwell 

time at the stations and Arrival time at the termination.  

Timetable 1: Hertford to Moor Gate  

 1  2  3  4  5  

S12/A1  S21/A2  S22/A3  S23/A4  S35/A5  

Class 313  Class 313  Class 313  Class 313  Class 313  

Hertford  07:00:00  07:15:00  07:30:00  07:45:00  08:00:00  

Bayford  

 

07:04:21  

30s~30s  

07:19:21  

30s~30s  

07:34:21  

30s~30s  

07:49:21  

30s~30s  

08:04:21  

30s~30s  

Cuffley  

 

07:09:00  

30s~30s  

07:24:00  

30s~30s  

07:39:00  

30s~30s  

07:54:00  

30s~30s  

08:09:00  

30s~30s  

Crews Hill  

 

07:12:00  

30s~30s  

07:27:00  

30s~30s  

07:42:10  

30s~30s  

07:57:10  

30s~30s  

08:12:10  

30s~30s  

Gordon Hill  

 

07:16:00  

60s~60s  

07:31:00  

60s~60s  

07:46:00  

60s~60s  

08:01:00  

60s~60s  

08:16:00  

60s~60s  

Enfield 
Chase   

 

07:18:30  

60s~60s  

07:33:30  

60s~60s  

07:48:30  

60s~60s  

08:03:30  

60s~60s  

08:18:30  

60s~60s  

Grange 
Park  

 

07:20:30  

30s~30s  

07:35:30  

30s~30s  

07:50:20  

30s~30s  

08:05:20  

30s~30s  

08:20:20  

30s~30s  



  

56 | P a g e  

 

Winchmore  

Hill  

07:22:30  

30s~30s  

07:37:30  

30s~30s  

07:52:30  

30s~30s  

08:07:30  

30s~30s  

08:22:30  

30s~30s  

Palmers  

Green  

 

07:25:00  

30s~30s  

07:40:00  

30s~30s  

07:55:00  

30s~30s  

08:10:00  

30s~30s  

08:25:00  

30s~30s  

Bowes 
Park  

 

07:27:30  

30s~30s  

07:42:30  

30s~30s  

07:57:30  

30s~30s  

08:12:30  

30s~30s  

08:27:30  

30s~30s  

Alexandra   

Palace  

07:30:30  

60s~60s  

07:45:30  

60s~60s  

08:00:23  

60s~60s  

08:15:23  

60s~60s  

08:30:23  

60s~60s  

Hornsey   …  …  …  …  …  

Harringay  …  …  …  …  …  

Finsbury 
park  

 

07:35:30  

60s~75s  

07:50:30  

60s~75s  

08:05:32  

60s~75s  

08:20:32  

60s~75s  

08:35:32  

60s~75s  

Drayton 
Park  

 

07:38:30  

60s~60s  

07:53:30  

60s~60s  

08:08:33  

60s~60s  

08:23:33  

60s~60s  

08:38:33  

60s~60s  

Highbury 
 & 

Islington  

…  …  …  …  …  

Essex 
Road  

 

07:41:22  

30s~30s  

07:56:22  

30s~30s  

08:11:22  

30s~30s  

08:26:22  

30s~30s  

08:41:22  

30s~30s  

Old Street  

 

07:45:30  

60s~60s  

08:00:30  

60s~60s  

08:15:30  

60s~60s  

08:30:30  

60s~60s  

08:45:30  

60s~60s  

Moor Gate  

(Arrive 

Time)  

07:48:00  

 

08:03:00  

 

08:18:00  

 

08:33:00  

 

08:48:00  

 

 

Timetable 2: Welwyn Garden City to Moorgate  
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 6  7  8  9  10  11  

S11/C1  S24/C2  S37/C3   S13/B1  S25/B2  S36/B3  

Class 91  Class 91  Class 91  Class 313  Class 313  Class 313  

Welwyn  

Garden 

City  

07:00:00  07:30:00  08:00:00  07:06:00  07:36:00  

 

08:06:00  

 

Hatfield  

 

…  …  …  07:10:36  

30s~30s  

07:40:36  

30s~30s  

08:10:36  

30s~30s  

Welham  

Green  

…  …  …  07:14:00  

30s~30s  

07:44:00  

30s~30s  

08:14:00  

30s~30s  

Brookman 

s Parks  

…  …  …  07:16:30  

30s~30s  

07:46:30  

30s~30s  

08:16:30  

30s~30s  

Potters  

Bar  

 …   …   …  07:20:30  

75s~90s  

07:50:30  

75s~90s  

08:20:30  

75s~90s  

Hadley  

Wood   

…  …  …  07:24:00  

30s~30s  

07:54:00  

30s~30s  

08:24:00  

30s~30s  

New  

Barnet  

…  …  …  07:27:00  

30s~60s  

07:57:00  

30s~60s  

08:27:00  

30s~60s  

Oakleigh  

Park  

…  …  …  07:29:30  

30s~60s  

07:59:30  

30s~60s  

08:29:30  

30s~60s  

New  

Southgate  

…  …  …  07:32:45  

30s~30s  

08:02:45  

30s~30s  

08:32:45  

30s~30s  

Alexandra   

Palace  

…  …  …  07:36:00  

30s~30s  

08:06:00  

30s~30s  

08:36:00  

30s~30s  

Hornsey   

 

…  …  …  07:38:00  

30s~30s  

08:08:00  

30s~30s  

08:38:00  

30s~30s  

Harringay  

 

…  …  …  07:40:15  

30s~30s  

08:10:15  

30s~30s  

08:40:15  

30s~30s  

Finsbury 

park  

…  …  …  07:43:00  

30s~60s  

08:13:00  

30s~60s  

08:43:00  

30s~60s  
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Drayton  

Park  

…  …  …  07:45:30  

30s~60s  

08:15:30  

30s~60s  

08:45:30  

30s~60s  

Highbury  

& 

Islington  

…  …  …  …  …  …  

Essex  

Road  

…  …  …  07:49:30  

30s~30s  

08:19:30  

30s~30s  

08:49:30  

30s~30s  

Old Street  …  …  …  07:53:00  

30s~60s  

08:23:00  

30s~60s  

08:53:00  

30s~60s  

Moor Gate  07:20:00  07:50:00  08:20:00  07:56:01  08:26:01  08:56:01  

 

 
Timetable 3: Welwyn Garden City to Kings Cross  

 12  13  14  15  16  17  

S16/F1  S27/F2  S39/F3  S14/D1  S26/D2  S38/D3  

Class 91  Class 91  Class 91  Class 317  Class 317  Class 317  

Welwyn  

Garden  

City  

07:05:00  07:35:00  08:05:00  07:10:00  07:40:00  08:10:00  

Hatfield  …  …  …  07:15:00  

30s~60s  

07:45:00  

30s~60s  

08:15:00  

30s~60s  

Welham  

Green  

…  …  …  …  …  …  

Brookman 

s Parks  

…  …  …  …  …  …  

Potters  

Bar  

…  …  …  07:23:15  

30s~60s  

07:53:15  

30s~60s  

08:23:15  

30s~60s  

Hadley  

Wood   

…  …  …  …  …  …  



  

59 | P a g e  

 

New  

Barnet  

…  …  …  …  …  …  

Oakleigh  

Park  

…  …  …  …  …  …  

New  

Southgate  

…  …  …  …  …  …  

Alexandra   

Palace  

…  …  …  07:38:30  

30s~45s  

08:08:30  

30s~45s  

08:38:30  

30s~45s  

Hornsey   …  …  …  …  …  …  

Harringay  …  …  …  …  …  …  

Finsbury 

park  

…  …  …  07:45:10  

30s~60s  

08:15:10  

30s~60s  

08:45:10  

30s~60s  

Holloway  …  …  …  …  …  …  

Belle Isle  …  …  …  07:49:30  

60s~60s  

08:19:30  

60s~60s  

08:49:30  

60s~60s  

Kings  

Cross  

07:21:00  07:51:00  08:21:00  07:52:30  08:22:30  08:52:30  

Timetable 4: Welwyn Garden City to Midland Road Junction  

 18  19  20  

S15/E1  S28/E2  S40/E3  

TL 39  TL 39  TL 39  

Welwyn 
Garden  

City  

07:01:00  07:31:00  08:01:00  

Hatfield  07:05:30  

30s~30s  

07:35:30  

30s~30s  

08:05:30  

30s~30s  

Welham 

Green  

…  …  …  

Brookmans  

Parks  

…  …  …  
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Potters Bar  07:11:30  

30s~60s  

07:41:30  

30s~60s  

08:11:30  

30s~60s  

Hadley Wood   07:15:00  

30s~30s  

07:45:00  

30s~30s  

08:15:00  

30s~30s  

New Barnet  07:18:00  

30s~60s  

07:48:00  

30s~60s  

08:18:00  

30s~60s  

Oakleigh Park  07:20:00  

30s~30s  

07:50:00  

30s~30s  

08:20:00  

30s~30s  

New 

Southgate  

07:23:00  

30s~30s  

07:53:00  

30s~30s  

08:23:00  

30s~30s  

Alexandra   

Palace  

…  …  …  

Hornsey   …  …  …  

Harringay  …  …  …  

Finsbury park  07:30:00  

30s~60s  

08:00:00  

30s~60s  

08:30:00  

30s~60s  

Holloway  …  …  …  

Belle Isle  …  …  …  

Midland Road  

Junction  

07:34:00  08:04:00  08:34:00  

 

 
Timetable 5: Kings Cross to Welwyn Garden City  

 21  22  23  24  25  26  

 S942/K1   S29/K2  S43/K3  S20/H1  S30/H2  S42/H3  

Class 91  Class 91  Class 91  Class 317  Class 317  Class 317  

Kings  

Cross  

07:00:00  07:30:00  08:00:00  07:03:00  07:33:00  08:03:00  
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Belle Isle  …  …  …  …  …  …  

Holloway  …  …  …  …  …  …  

Finsbury 

park  

…  …  …  07:13:00  

75s~90s  

07:43:00  

75s~90s  

08:13:00  

75s~90s  

Harringay  …  …  …  …  …  …  

Hornsey  …  …  …  …  …  …  

Alexandra   

Palace  

…  …  …  07:22:00  

75s~90s  

07:52:00  

75s~90s  

08:22:00  

75s~90s  

New  

Southgate  

…  …  …  …  …  …  

Oakleigh  

Park  

…  …  …  …  …  …  

New  

Barnet  

…  …  …  …  …  …  

Hadley  

Wood   

…  …  …  …  …  …  

Potters Bar  …  …  …  07:42:30  

30s~60s  

08:12:30  

30s~60s  

08:42:30  

30s~60s  

Brookmans  

Parks  

…  …  …  …  …  …  

Welham  

Green  

...  ...  ...  …  …  …  

Hatfield  …  …  …  07:52:30  

30s~60s  

08:22:30  

30s~60s  

08:52:30  

30s~60s  

Welwyn  

Garden 

City  

07:18:00  07:48:00  08:18:00  07:56:00  

 

08:26:00  

 

08:56:00  

 

 
Timetable 6: Moor Gate to Welwyn Garden City  

 27  28  29  
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S18/I1  S31/I2  S44/I3  

Class 313  Class 313  Class 313  

Moor Gate  07:00:00  07:30:00  08:00:00  

Old Street  07:02:30  

30s~30s  

07:32:30  

30s~30s  

08:02:30  

30s~30s  

Essex Road  07:06:00  

30s~30s  

07:36:00  

30s~30s  

08:06:00  

30s~30s  

Highbury & 

Islington  

…  …  …  

Drayton Park  07:09:00  

30s~60s  

07:39:00  

30s~60s  

08:09:00  

30s~60s  

Finsbury park  07:12:00  

75s~90s  

07:42:00  

75s~90s  

08:12:00  

75s~90s  

Harringay  07:15:00  

30s~30s  

07:45:00  

30s~30s  

08:15:00  

30s~30s  

Hornsey  07:16:45  

30s~30s  

07:46:47  

30s~30s  

08:16:47  

30s~30s  

Alexandra   

Palace  

07:19:00  

30s~60s  

07:49:00  

30s~60s  

08:19:00  

30s~60s  

New 

Southgate  

07:27:20  

30s~30s  

07:57:20  

30s~30s  

08:27:20  

30s~30s  

Oakleigh Park  07:31:00  

30s~30s  

08:01:00  

30s~30s  

08:31:00  

30s~30s  

New Barnet  07:33:00  

30s~30s  

08:03:00  

30s~30s  

08:33:00  

30s~30s  

Hadley Wood   07:36:00  

30s~30s  

08:06:00  

30s~30s  

08:36:00  

30s~30s  

Potters Bar  07:40:00  

30s~60s  

08:10:00  

30s~60s  

08:40:00  

30s~60s  
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Brookmans  

Parks  

07:43:00  

30s~30s  

08:13:00  

30s~30s  

08:43:00  

30s~30s  

Welham 

Green  

07:45:30  

30s~30s  

08:15:30  

30s~30s  

08:45:30  

30s~30s  

Hatfield  07:49:30  

30s~60s  

08:19:30  

30s~60s  

08:49:30  

30s~60s  

Welwyn 
Garden  

City  

07:53:00  08:23:01  08:53:01  

 

Timetable 7: Moor Gate to Hertford  

 30  31  32  33  34  

S19/J1  S34/J2  S32/J3  S45/J4  S46/J5  

Class 313  Class 313  Class 313  Class 313  Class 313  

Moor Gate  07:05:00  07:20:00  07:35:00  07:50:00  08:05:00  

Old Street  07:07:30  

30s~30s  

07:22:30  

30s~30s  

07:37:30  

30s~30s  

07:52:30  

30s~30s  

08:07:30  

30s~30s  

Essex 

Road  

07:11:00  

30s~30s  

07:26:00  

30s~30s  

07:41:00  

30s~30s  

07:56:00  

30s~30s  

08:11:00  

30s~30s  

Highbury & 

Islington  

…  …  …  …  …  

Drayton  

Park  

07:14:30  

60s~60s  

07:29:30  

60s~60s  

07:44:30  

60s~60s  

07:59:30  

60s~60s  

08:14:30  

60s~60s  

Finsbury 

park  

07:18:00  

75s~90s  

07:33:00  

75s~90s  

07:48:00  

75s~90s  

08:03:00  

75s~90s  

08:18:00  

75s~90s  

Harringay  07:20:50  

30s~30s  

07:35:50  

30s~30s  

07:50:50  

30s~30s  

08:05:50  

30s~30s  

08:20:50  

30s~30s  

Hornsey  07:22:00  

30s~30s  

07:37:00  

30s~30s  

07:52:00  

30s~30s  

08:07:00  

30s~30s  

08:22:00  

30s~30s  
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Alexandra   

Palace  

07:25:10  

30s~30s  

07:40:10  

30s~30s  

07:55:10  

30s~30s  

08:10:10  

30s~30s  

08:25:10  

30s~30s  

Bowes 

Park  

07:27:30  

30s~30s  

07:42:30  

30s~30s  

07:57:30  

30s~30s  

08:12:30  

30s~30s  

08:27:30  

30s~30s  

Palmers  

Green  

07:29:40  

30s~30s  

07:44:40  

30s~30s  

07:59:40  

30s~30s  

08:14:40  

30s~30s  

08:29:40  

30s~30s  

Winchmore  

Hill  

07:32:20  

30s~30s  

07:47:20  

30s~30s  

08:02:20  

30s~30s  

08:17:20  

30s~30s  

08:32:20  

30s~30s  

Grange 

Park  

07:34:30  07:49:30  08:04:30  08:19:30  08:34:30  

 30s~30s  30s~30s  30s~30s  30s~30s  30s~30s  

Enfield  

Chase  

07:37:00  

60s~60s  

07:52:00  

60s~60s  

08:07:00  

60s~60s  

08:22:00  

60s~60s  

08:37:00  

60s~60s  

Gordon Hill  07:40:30  

60s~60s  

07:55:30  

60s~60s  

08:10:30  

60s~60s  

08:25:30  

60s~60s  

08:40:30  

60s~60s  

Crews Hill  07:42:30  

30s~30s  

07:57:30  

30s~30s  

08:12:30  

30s~30s  

08:27:30  

30s~30s  

08:42:30  

30s~30s  

Cuffley  07:45:30  

30s~30s  

08:00:30  

30s~30s  

08:15:30  

30s~30s  

08:30:30  

30s~30s  

08:45:30  

30s~30s  

Bayford  07:51:30  

30s~30s  

08:06:30  

30s~30s  

08:21:30  

30s~30s  

08:36:30  

30s~30s  

08:51:30  

30s~30s  

Hertford  07:55:00  08:10:01  08:25:01  08:40:01  08:55:01  

 

Timetable 8: Midland Road Junction to Welwyn Garden City  

 35  36  37  

S17/G1  S33/G2  S41/G3  

TL 39  TL 39  TL 39  

Midland Road  

Junction  

07:02:00  07:32:00  08:02:00  
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Belle Isle  …  …  …  

Holloway  …  …  …  

Finsbury park  07:09:30  

60s~210s  

07:39:30  

60s~210s  

08:09:30  

60s~210s  

Harringay  …  …  …  

Hornsey  …  …  …  

Alexandra   

Palace  

…  …  …  

New 

Southgate  

07:15:00  

30s~30s  

07:45:00  

30s~30s  

08:15:00  

30s~30s  

Oakleigh Park  07:18:00  

30s~30s  

07:48:00  

30s~30s  

08:18:00  

30s~30s  

New Barnet  07:20:30  

60s~60s  

07:50:30  

60s~60s  

08:20:30  

60s~60s  

Hadley Wood   07:23:10  

30s~30s  

07:53:10  

30s~30s  

08:23:10  

30s~30s  

Potters Bar  07:27:00  

60s~60s  

07:57:00  

60s~60s  

08:27:00  

60s~60s  

Brookmans  

Parks  

…  …  …  

Welham Green  …  …  …  

Hatfield  07:33:30  

60s~60s  

08:03:30  

60s~60s  

08:33:30  

60s~60s  

Welwyn 
Garden  

City  

07:37:00  08:07:00  08:37:00  

 


