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Summary

When travelling between stations, the observant passenger may have noticed that no two
train runs are the same, caused by your departure or arrival at stations at different times
or the varying length of time for getting from A to B. The most obvious causality from these
differences are delays or restrictive track signalling. However, even when the conditions
appear to be very similar and no obvious restricted track signalling is present, these differ-
ences between the train runs persist.

The Dutch Train Operator Company (TOC) and Infrastructure Manager (IM), being NS and
ProRail respectively, have generally observed there to be a spread in the running times be-
tween all stations. While investigations and research have been done regarding the accel-
eration or maximum velocity of the heavy rail commuter vehicles, of which some tested
the stochastic nature of their general operational behaviour, the deceleration behaviour
of these vehicles were at most described in a more general sense while either reconstruct-
ing the entire speed profiles of rail vehicles in available scientific papers (BeŠinoviĆ et al.,
2013a,b,c; Medeossi et al., 2011) or investigated as a byproduct of other researches re-
garding technology and safety. Current timetabling tools or simulation software account
for a single defined deceleration behaviour based on static conditions and only consider the
braking rate as a constant coefficient, describing a sort of (near) binary state of on/off in
brake application, of which some allow for variation of the simulated or estimated braking
rate, rather than allowing for a dynamic or non-uniform development of the braking rate
and different deceleration behaviour to be applied to account for different driver mental-
ity and behaviour. This, however, assumes nominal vehicle characteristics and operating
conditions (i.e. conditions relevant for train runs, based on stated track / vehicle design
specifications and vehicle characteristics) and a uniform behaviour from all train drivers.
Considering the human aspect and widely differing external conditions (e.g. weather, time-
liness of train runs), how valid would this assumption be when reviewing the realised de-
celeration behaviour? This has further raised the question to what extent the impact is of
this stochastic behaviour on infrastructure occupation, especially around stations.

This research has the objective to empirically determine the perceived stochastic nature of
the deceleration regimes and to determine the impact it has on infrastructure occupation
within the network corridor, which was approached by posing the research question:

How does the stochastic behaviour, observed in the deceleration approach of a planned sta-
tion stop, impact the infrastructure occupation in the network corridor between stations?

Answering this research question is achieved by the development of a data-driven recon-
struction model to estimate the speed profiles of realised train runs that elaborates on the
deceleration regimes in a more dynamic and generalised (i.e. able to be applied to any rail
network corridor) manner to provide a more detailed description of the realised deceleration
behaviour. This research introduces a conceptual framework for the reconstruction of the
deceleration behaviour of heavy rail vehicles. The general structure and concept approach
are inspired by BeŠinoviĆ et al. (2013a,b,c) and Medeossi et al. (2011).

The proposed framework differentiates from its inspiration by itɂs interest and focus on the
deceleration behaviour within the proposed reconstruction model, aptly named Decelera-
tion Reconstruction (DR) model, instead of reconstructing complete velocity profiles. This
is done through the implementation of sub-regimes (i.e. smaller driving regimes describing
one of four driving states of a heavy rail vehicle) and deceleration regime profiles defined
by a combination of said sub-regimes. These sub-regimes are subject to the rail sector de-
fined differential equation, describing Newtonɂs second law of motion, with the vehicle re-
sistance expressed by the Davis equation (Davis, 1926). This equation is further expanded
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in this research to accommodate the testing of non-uniform braking behaviour by writing
the braking rate as a function of either velocity or time, inspired by Maurya and Bokare
(2012). The framework incorporates a statistical analysis because, besides the realised
train trajectories and corresponding parameters, the statistical distributions of these pa-
rameters and related performance indicators (PI) are considered the end products for this
research.

Furthermore, this research introduces the concept of ɂData Fusionɂ for all the realised
location tracking data to be used in the DR model. The datasets used from the different
sources (i.e. the single source of train describer data and 1 to 2 sources of GPS data) are
formatted, corrected and derivable data is created to unify, expand and fill in the gaps for
the provided data sources. After the aligning the different location tracking data sources,
they are fused in which the strengths of all the different sources are inherited while their
individual weaknesses are compensated. Once fused, the dataset of individual train runs
are filtered to discard the undesired, hindered or invalid train runs before feeding the DR
model with the fused location tracking data of the selected realised train runs.

The DR model has several layers of nested for loops in its programming, testing each pre-
defined deceleration regime profile and braking variant for each station approach in the
corridor of a single realised train run. Each combination of deceleration regime profile and
braking variant has their own specific -vector (i.e. a list or sequence of variable parame-
ters describing the vehicleɂs behaviour within the DR model) for the optimisation algorithm,
whose structure is developed automatically in the dataset and coefficient preparations pre-
ceding the actual optimisation of the minimisation problem. The minimisation problem is
defined as minimising the sum of absolute errors of the surface areas under the speed pro-
file between each pair of data points , with the surface area under the realised speed profile
defined by the average velocity multiplied by the distance between the two data points and
the area under the estimated speed profile defined by a double integral over distance of the
velocity differential equation describing the estimated behaviour for a specific sub-regime.
The optimisation algorithm used on this non-linear minimisation problem, is a Genetic Al-
gorithm (GA) method. For this research, a customised GA is developed, which is dubbed
ɆElitism with Randomised Population Migration and Diminishing MutationɆ. This is an al-
gorithm which retains a small pool of best fitting solution vectors for both the next gener-
ation and for developing the ɂoffspringɂ vectors through cross-over and mutation with a di-
minishing mutation range, while refreshing and maintaining the general population size
through the migration of a group of completely randomised vectors.

To validate the analysis methodology, a case study was developed over the corridor ɂs
Hertogenbosch - Utrecht (Ht-Ut) for the (inter-)regional commuter line series 6900 during
the year 2017 for the rolling stock type Sprinter Light Train (SLT). Both location tracking
sources (i.e. enriched GPS (MTPS) and train describer data(TROTS)), infrastructure data,
signalling data and the network timetable for this train series was provided by Dutch IM
ProRail and Dutch TOC NS. The nominal vehicle characteristics, used as references in the
performance indicators (e.g. running times, deceleration loss times, braking rates, track
section occupation duration) and as guides and bounds in the optimisation algorithm, were
provided by TU Delft and Ricardo Rail Nederland.

The results of the analyses done in this research, have empirically shown the existence of
the stochastic deceleration behaviour through the stochasticity of the performance indi-
cators and has shown the existence of a strong and linear correlation between the already
known spread in realised running times and that of deceleration loss times (Figure 1). The
results have also shown the impact that this stochasticity has on infrastructure occupa-
tion, which in this research is simplified and described by track section occupation dura-
tion. It has shown performance impacts, relative to the minimum running profile, of up to
1.5 to 2 times the occupation duration and inversely dropping the infrastructure occupa-
tion to anywhere from two thirds to half of the potential track section capacity (Figure 2a).

The DR model has provided more detail to the estimated deceleration behaviour and has
shown that finding the most prominent realised deceleration regime behaviour is possible
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with this analysis methodology and the currently available data sources. For example, it
has shown the realised data for station Geldermalsen best fits the deceleration regime pro-
files with two braking regimes with constant braking coefficient. It has also shown that de-
scribing the braking rate as a non-uniform function is a very plausible alternative to the
simplified approach of defining the braking rate as a constant coefficient and merits fur-
ther investigation, as many of the best fitting profiles returned with a non-uniform brak-
ing variant. Observing the estimated braking rates of the best fitted profiles and variants
for the tested train runs, the distributions show that there is a significant gap between the
expected braking rate of 0.8 / and the estimated braking rates.In the majority of the
estimated deceleration regimes, a more conservative behaviour is observed relative to the
expected deceleration behaviour.In case of station Geldermalsen in Figure 2b, this means a
mean of estimated braking rates ranging from approx. 0.45 to 0.65 / .

Figure 1: Scatter plot correlation realised running times versus deceleration loss times - station Geldermalsen (Gdm)

(a)
(b)

Figure 2: Example of the results from empirical analysis and DR model:
(a) Histogram of the realised occupation durations for track section GDM$129T (see full size Figure K.1a)
(b) Histogram plots of the estimated braking rates for station Geldermalsen (Gdm) (see full size Figure H.1)

These results can be used to improve scheduling tools and microscopic models, by using
improved estimations of braking rates and deceleration regimes, and by providing a more
refined and dynamic approach of the deceleration regime within these systems. The ɂData
Fusionɂ process has shown great potential in reinforcing the strengths and compensating
for the weaknesses inherent to the used data sources, and providing robustness in data
availability while providing a more refined location tracking within track sections, which
merits further development of this concept. Further investigation is required to fully under-
stand the causality behind the deceleration behaviour in more specific detail, such as the
effects of station platform design or open-track signalling placement, in order to account
for it within scheduling tools or to provide an environment to train operators to adhere to
the expected deceleration regime. Further research is required to provide a more definitive
answer to the implemented braking regime and its non-uniformity the use of more refined
data, different data sources and further improvements to the DR model.





Glossary

Term Description

ATB-EG Automatische Trein Beveiliging - Eerste Generatie, The Dutch
national ATP applied to the main heavy rail network.

ATB-Vv Automatische Trein Beveiliging - Verbeterde Versie,

ATO Automatic Train Operation

Assistive Force Opposite to Resistive Forces, Applies its force in the intended
travel direction.

BDA Big Data Analysis

Big Data Data characterised by the 6 Vɂs, namely Volume, Variety,
Velocity, Veracity, Value and Variability.

Coasting A driving regime in which both the tractive effort and the
brakes of the rail vehicle are turned off, decelerating purely on
the resistance efforts.

Cruising A driving regime in which the tractive effort is adjusted to
match the resistance efforts, allowing the vehicle to run at a
constant velocity.

Cycle Time Duration or period over which the scheduling pattern of a
cyclic/periodic timetable is developed.

DAS Driver Advisory System

Deceleration
Regime

A regime using sub-regimes, describing the smaller regimes in
which coasting, cruising and braking are applied within the
same intention of deceleration.

Driving Regime A control operation applied to the vehicle with regards to train
movement.

Epoch Time A method of counting time in Unix and later other computer
systems, expressed as an 32-bit integer, counting the seconds
since Epoch, which corresponds with the date 01-01-1970 at
00:00:00. A float or decimal can be used to express time more
precisely in terms of microseconds.

GPS Global Positioning System, Usually referring to the general
implementation of Satelite-based Location Tracking.

IC InterCity, Trains that provide a more national level rail
connection

IM Infrastructure Manager
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Jerk Rate of change of acceleration / deceleration. Second order
derivative of velocity. Usually described as / , but in case of
velocity dependency, such as Equation (2.9) Ƚ , as 1/ .

NS Nederlandse Spoorwegen, The Dutch National TOC

Nominal Expected or designed value within expected margin of error

ProRail The Dutch National IM

RMSE Root Mean Squared Error

RSSLI Rolling Stock, Speed Limit and Infrastructure, refers to the
infrastructure model used in this research.

SGMm Stadsgewestelijk Materieel gemoderniseerd, the retrofitted and
modernised version of the older rolling stock type used on the
Dutch rail network.

SLT Sprinter Light Train, A commuter heavy rail vehicle or
Sprinter type train.

Sprinter Trains that provide a more (inter-)regional level rail
connection

Sub-regime Smaller driving regimes within the 2 of the 4 general driving
regimes characterised by an active attempt to alter the
current velocity (i.e. Acceleration and Braking), with a
nuanced difference between neighbouring sub-regimes of the
same type(e.g. two braking sub-regimes with different braking
coefficients).

TNV TreinNummerVolgsysteem, Train Number Following system,
the predecessor to the TROTS system

TOC Train Operating Company

Timetable Day The day of a timetable in the Dutch railway sector run from
2am to 2am the next day (02:00 - 02:00), unlike the regular
day beginning and end at 12am (00:00 - 00:00).

Train Describer
Data

The data gathered from infrastructure sensors, recording
track section occupation and release times, train description
steps, signalling states (stop/go), switch states (left/right).

Train Event
Recorder Data

The data of events recorded from within the rolling stock,
measuring train positions, velocities, traction and braking
applications.

UZI Universeel Zuinig rijden Idee, translates to Universal Efficient
driving Idea and is an energy efficiency plan, describing a
driving regime in which the driver is expected to apply
maximum acceleration, minimal braking and applies coasting
for as long as the time allowances would allow.
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