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Abstract

Train Unit Shunting is a complex process that directs trains through a shunting
yard. In real-world railway operations, disturbances are common, requiring shunt-
ing schedules to be robust against uncertainties such as delays. Previous research
has proposed algorithms for the Train Unit Shunting Problem (TUSP) and one study
attempted to create robust shunting plans by defining a probabilistic model of the
uncertainties involved and inferring a distribution of robust solutions for the TUSP.
Following this approach, this paper investigates the use of probabilistic programming
in increasing robustness of shunting plans using an advanced TUSP solver. This re-
search develops a model for uncertain shunting scenarios, solves these scenarios, and
applies importance sampling to infer the posterior distribution, producing a distribu-
tion of robust shunting plans instead of a single plan. The paper presents examples
demonstrating that it is beneficial to use one of the output robust plans over the plan
made for the deterministic scenario, revealing the potential of integrating probabilistic
programming techniques into the planning process to improve railway efficiency and
reduce delays.

1 Introduction

Planning algorithms play a crucial role in modern systems and are widely used, from co-
ordinating material distribution in factories to managing traffic at airports, in networks,
and across train stations. While these algorithms are powerful tools, applying them to real-
world scenarios comes with additional challenges. In practice, numerous uncertainties must
be accounted for. Some materials in the factory might be out of stock, a machine suddenly
goes out of order, or a train can have delay. The plans an algorithm makes must remain fea-
sible even after disruptions occur. In other words, they must be robust against uncertainties.

This research will focus on the Train Unit Shunting Problem (TUSP), originally introduced
by Freling et al. [9]. The TUSP involves directing trains through a shunting yard, where
they are parked, serviced, and cleaned during periods of inactivity. Each train must leave
the shunting yard in a specific order and at the scheduled time. Because the problem deals
with passenger trains in the real world, various uncertainties such as delays and technical
issues must be considered. It is therefore important that the plans an algorithm makes
remain effective, or at least do not get too disrupted when unexpected events occur.

Various algorithms have been designed for solving the TUSP. Van der Linden et al. have
developed both an algorithm and a simulator for the TUSP [24], and several attempts have
been made at making more robust algorithms, for example by R.W. van den Broek [23].
R.J. Gardos Reid proposed an interesting approach on improving robustness of algorithms,
using probabilistic programming techniques to create a generative model of the TUSP. The
core idea is that a probabilistic model is made for the input, capturing the uncertainties.
Samples from this model are subsequently fed into an existing algorithm for the TUSP. By
applying probabilistic inference on the resulting plans, the result is a distribution of robust
solutions [18]. One key advantage of this approach is that this method can be applied on
any planning problem which has an existing algorithm, even without having a deep under-
standing of how the algorithm works.

This research uses probabilistic programming to create robust TUSP plans. It builds on
the work of Gardos Reid by introducing a new form of uncertainty and applying the method



on a more advanced solver. Additionally, it proposes a way to apply the resulting output
distribution in practice.

This motivates the following research question:‘How can one model uncertainties in the
Train Unit Shunting Problem and use this to create a robust version of an existing planning
algorithm?’. The main question can be broken down into the following sub-questions:

1. What uncertainty might exist in a real-world version of the train unit shunting prob-
lem?

2. How can uncertainties in the train unit shunting problem be modelled as a probabilistic
program?

3. Which inference techniques can be applied to the resulting probabilistic program and
how well do they perform?

4. How can the output distribution of the plans be used to plan in the uncertain version
of the train unit shunting problem?

The next section will explain the TUSP in detail, dive deeper into the background of prob-
abilistic programming, and show related work in this area of research. Section 3 explains
the methods used to answer the research questions, after which section 4 shows the setup
and results of the experiments. Section 5 reflects on the ethical aspects of the research and
discusses the reproducibility of the methods. The paper will conclude with a discussion of
the results in section 6 and the conclusion and directions for future research in section 7.

2 Background and Related work
2.1 The Train Unit Shunting Problem

Before describing the problem, the terminology used must be explained. A train is the en-
tire vehicle used to transport, for example, passengers. A train can consist of multiple train
units. Examples of train units include an ICM-3 or an SLT-4, where the letters indicate the
type of equipment and the number refers to the number of carriages in the train unit. Train
units of the same equipment type can be coupled to form a train. For example, an ICM-3
train unit can be combined with an ICM-4 to create a train consisting of seven carriages in
total. In the TUSP, train units are not split further into carriages, so train units are the
smallest entity.

Trains are not always used. Especially outside of rush hour, not all available trains are
needed. Trains which are not in use can be parked at a shunting yard, which is a large col-
lection of tracks and can be seen as a parking place for trains. The shunting of train units
has three components: routing, matching, and parking [23]. Trains are routed through the
tracks of the shunting yard, and can be split into train units. These units can be combined
again into new trains. Finally, a train unit can be parked on a normal track or at specialised
facilities where it can be serviced or cleaned.

The Train Unit Shunting Problem (TUSP) deals with the process of navigating trains over
a shunting yard and can quickly become complicated when considering space/time limits,
servicing tasks done on limited amount of servicing space or personnel, and trains already



located on the yards. Freling et al. showed that the basic TUSP is NP-hard [9]. In fact,
the separate components of only matching, parking or routing trains are already NP-hard
problems [21] and a complex problem arises when combining these as well as considering
service tasks. Figure 1 shows a basic shunting example where the train units of three arriv-
ing trains are recombined into two departing trains.
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Figure 1: Shunting Example by Freling et al. [9]. Three arriving trains are recombined into
two departing trains.

On average, 11 disruptions are reported every single day in railway transportation in The
Netherlands [6]. There are many different causes for disruptions on the rails but they can all
be categorised into three groups: the weather, people, and technology. Railway disruptions
almost always cause the journey of passengers to be delayed [3]. Given the many uncertain-
ties in train traffic, it is crucial that the final shunting plan is robust to sudden changes.
Ideally, the plan should still be executable even if a train arrives slightly later than sched-
uled or if any equipment failures occur. To evaluate whether a plan is robust, a definition
of robustness is required. The method developed here is initially applied to simple scenarios
in order to ease analysis, which also motivates the use of a simple definition of robustness.
The departure delay of a train is the difference between the scheduled departure time and
the actual departure time. The robustness of a plan will be measured by taking the sum
of the departure delays of all outgoing trains from the shunting yard. A plan is considered
robust when this value is close to or equal to zero, indicating minimal deviation from the
original schedule.

2.2 Probabilistic Programming

This research explores the application of probabilistic programming to generate robust train
unit shunting plans. Probabilistic programs extend traditional programs by two key compo-
nents: they are capable of drawing random variables from distributions, and the programs
can use known data to guide these random choices [13]. A probabilistic program defines
a model for quantities that are measurable in the real world. The values produced by the
model can be compared to the actual values observed in real-world data, which are called
the observations [20]. This research uses a probabilistic programming language as ‘they pro-
vide direct support for defining probabilistic models and performing probabilistic inference
within the language’ [17, p. 603]. An example of a probabilistic programming framework is
Gen.jl. The Gen framework for the Julia programming language is a general purpose prob-
abilistic programming system, designed to achieve high modelling flexibility and inference
efficiency. Gen is introduced by Cusumano Towner et al. in 2019 and outperforms state-of-
the-art probabilistic programming systems [8]. Gen provides a library of built-in probability
distributions, and the inference library of Gen is useful for writing efficient probabilistic



inference algorithms [4].

2.3 Probabilistic Inference

Once a model and observations are specified, inference methods can be applied to recover
the posterior distribution of unobserved variables in the model. Given the observed data,
the goal is to infer the underlying causes, that is to estimate the distribution from which
these samples were generated [12, Chapter 3].

Several different inference algorithms have been developed to approximate posterior distri-
butions. Among these, Monte Carlo (MC) methods operate by generating a large collection
of samples from a model to represent the conditional distribution. Rejection sampling is
a MC inference method which works by continuously sampling from the entire model, but
only keeping the samples which adhere to a certain condition. Rejection sampling is a simple
and useful method but it is often not efficient. Even if there are samples that exactly ob-
serve the condition, it can take a large number of samples to find them. A slightly different
approach is Importance Sampling. This method keeps all samples, but gives each sample a
weight based on the condition. This way it is able to approximate the target distribution
by weighing the random draws from a different distribution [19].

The method of independent sampling works in simple situations, but can become diffi-
cult or impossible when dealing with complex distributions [11]. Markov chain Monte Carlo
(MCMC) takes the approach where instead of taking random independent samples from a
model, it iterates on a single sample. A Markov chain is a system consisting of a set of
states and transition functions between those states. From every state there are certain
probabilities of proceeding to different states. MCMC forms a Markov chain by taking a
single sample from an initial distribution, and iterating on this sample by introducing small
changes on each iteration [12, Chapter §].

2.4 Related work

The researcher R.W. van den Broek has conducted multiple studies to train unit shunting
algorithms. In his Master’s thesis in 2016, he presented a heuristic which improved the
creation of shunt plans when compared to methods used before [21]. This research was done
at the request of NedTrain, a subsidiary of the Nederlandse Spoorwegen (Dutch Railways,
NS). This local search based algorithm assumed that both the arrival times and the ser-
vice task durations are deterministic, which is often not the case in practice. Extending on
these ideas, Van den Broek later works on an algorithm for the train unit shunting problem
with service scheduling (TUSPwSS) in a paper in 2021 [22] and his thesis in 2022 [23]. In
addition to the classical TUSP, this algorithm is also able to schedule different kinds of
services for train units. In his study in 2022, Van den Broek researched robust planning
as well, by including ‘identification of strong predictors of the robustness of shunting plans
to small disturbances’ [23, p. 8]. This research only considered the train arrival times and
the processing times of tasks as uncertain variables. More research has been done on mak-
ing a TUSP algorithm robust by Kleine [14], who proposed a non-deterministic simulated
annealing method, taking into account arrival time and task duration uncertainties during
scheduling. The research built upon the algorithm of Van den Broek [21] as it existed on
March 1, 2019, by guiding the simulated annealing process towards robust solutions. The



proposed algorithm significantly increases robustness of the generated shunting plans, but
the robustness is directly integrated into the Simulated Annealing function, which makes
this approach not flexible towards other uncertainties in the TUSP.

While the above approaches modify or create an algorithm in order to achieve robustness,
an alternative method has been proposed by R. J. Gardos Reid [18]. He attempted to create
robust plans using an existing TUSP algorithm without modifications. An algorithm can
be used as a ‘black box’, and the logic for increasing robustness is built around this. An
advantage of this approach is that it can be applied to any problem assuming that there
exists a planner for the problem. Using this method, a robust planning algorithm can be
made, even without knowing the inner workings of such a planner in detail. In order to
implement uncertainties, Gardos Reid utilised probabilistic programming to make a proba-
bilistic model of the input. He then sampled from this model to obtain randomised scenarios
and executed the algorithm. After applying inference methods on the resulting plans, this
results in a distribution of robust plans/solutions to the problem. The research found that
for simple scenarios, the robust plans had a higher success rate than the plans produced
directly by the solver, but the performance of the solver that was used was insufficient to
handle more complex scenarios.

To facilitate the evaluation of TUSP algorithms, Van der Linden et al. introduced an event-
based simulator for the TUSP called TORS (Dutch acronym for Train Shunting and Servic-
ing Simulator) in a paper in 2021 [24]. This tool keeps track of the state that the shunting
yards and the trains are in during the shunting process and can help the evaluation of plan-
ning outcomes. Together with a shunting scenario generator and the solver developed by
Van den Broek, these tools have been combined into a platform! maintained by the research
group Robust Rail?.

Perhaps the most frequent and impactful uncertainties in train operations is delay. A thesis
by A. Krudde in 2024 contains an extensive analysis of arrival time distributions and delay
of trains in shunting yards. GPS data of trains moving around in the Netherlands for over
10 months has been used to find monthly patterns. The analysis shows that in the months
May till August, most trains arrive with less than one minute delay. In the following months
however, many trains are delayed by 3 minutes. In September, many trains even exceed 4
minutes of delay [15].

3 Method

This research builds upon the work done by Gardos Reid [18] by following his proposed
method of using probabilistic programming to generate robust plans for the TUSP. First, an
uncertainty in train shunting is selected and modelled probabilistically. The resulting model
is subsequently sampled to generate a set of scenarios, which are provided as an input to
an existing planning algorithm. This process produces a collection of many possible plans,
which together represent the prior distribution over the planning space. Lastly, in order to
obtain the posterior distribution of robust plans, probabilistic inference is applied on the
output plans. The general structure of the method is shown in figure 2 and each component

Thttps://github.com/Robust-Rail-NL
2https://www.tudelft.nl/delftrail /projects/robust-rail



is discussed in detail in the subsections below.

INITIAL SCENARIO CONFIGURATION

I
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Figure 2: Creating robust solutions: A scenario configuration file is given as input and
is modelled with an uncertainty. Samples from this model are used as input to a planner.
Importance sampling is applied on the resulting plans to infer the final posterior distribution
of plans.

3.1 Modelling uncertainty

The first step in the process is to construct a probabilistic model of the scenarios that incor-
porates uncertainties. This research used the framework Gen.jl to define this model. The
uncertainty that will be modelled is the arrival times: trains can have a small amount of
delay or arrive slightly earlier than planned. This variability is modelled by representing
arrival times as stochastic variables. The train arrival times are defined in the scenario con-
figuration file and are modelled by normal distributions centred around the original values.
New arrival times are sampled from these distributions, resulting in a modified configuration
where the arrival times are random.

A generative model can incorporate various other uncertainties beyond arrival times. One
additional example explored in this paper is randomizing the time required to clean a train
carriage. This requires a shunting yard with a cleaning track and a scenario in which a
train is scheduled for cleaning. The cleaning duration can now be sampled from a normal
distribution (or any other distribution) in a similar way as the arrival times. Furthermore,
infrastructure failure can be modelled by changing the shunting location rather than the
scenario. For example, a non-operational switch can be modelled by removing it from the
location, or the length of a track can be shortened to simulate a partial closure. This re-
search however has purely focussed on uncertain scenarios and therefore left the shunting
locations unchanged.

3.2 Planning algorithm and project setup

To be able to create shunting plans, the aforementioned TUSP tools of Robust Rail were
used. This includes the solver: the black box where the probabilistic model is ‘wrapped
around’. Additionally, the scenario generator was used as a helper tool to generate different
shunting scenarios.

The solver requires two inputs: a location and a scenario. The location is a description
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of a shunting yard and can be created by adding track parts like switches, bumpers and
railroads. Furthermore, service facilities can be added to railroads, including cleaning plat-
forms, washing machines and inspection pits. The scenarios contain a list of incoming and
outgoing trains. For every train, scenarios describe the arrival and departure times/tracks,
information about the type of train units, and potential servicing that is required. A scenario
is generated by using the generator of Robust Rail, which takes a scenario configuration file
as input. The configuration file specifies the servicing tasks, the train units involved, and
the set of incoming and outgoing trains including their scheduled times and assigned tracks.

Once a scenario and location are defined, they are provided as an input to the solver,
which computes a feasible output plan for the TUSP. Listing 1 shows a simplified example
of a generative function written in Gen where arrival times are sampled randomly, a plan
is made, and the delays which are required for the inference are calculated. The @trace
statement in Gen records a random choice made during execution so it can be tracked and
used later for inference.

@gen function generate_plan(scenario_configuration, location)
# Sample from the model

sampled_scenario_configuration = @trace(sample_arrival_times(scenario_configuration))

# Create a shunt plan
scenario = run_generator(sampled_scenario_configuration)
departure_times, plan = run_solver(scenario, location)

# Calculate the delays
delays = @trace(calculate_delays(scenario_configuration, departure_times))
return plan

end

Listing 1: An example of a generative function for shunting plans written in Gen.

The solver uses Tabu Search and Simulated Annealing techniques to iteratively improve
solutions. The original authors explain simulated annealing in the solver as follows: ‘A
simulated annealing algorithm randomly selects a neighbour and accepts it immediately as
the candidate solution for the next iteration if it is an improvement over the current solution.
If the selected solution is worse, it is accepted with a certain probability depending on the
difference in solution quality and the state of the search process.” [22, p. 149]. In practice,
this means that the solver begins with an initial shunting plan, after which a small change is
made at random to get a slightly different plan (neighbour). Whenever this new plan is better
than the initial plan, it is accepted only with a certain probability. As a result, on different
runs of the solver, different neighbours can be proposed and accepted in this process, making
the search process non-deterministic. As the method of this paper is building around the
algorithm it is not required to know further details of these techniques, but it is noteworthy
that they make use of randomness. This is an important consideration when interpreting
the results in section 4.

3.3 Inference

Now that a generative model for uncertain scenario configurations has been created and the
solver has been set up, the prior distribution of plans can be constructed. The generative
model is sampled to obtain scenario configuration files, which are given as an input to the



scenario generator. The generator produces scenarios, which can together with a location
be fed into the solver of Robust Rail, resulting in a collection of plans: the prior distribution.

After constructing the prior distribution of plans, the final step is to obtain the posterior
distribution of robust plans by applying probabilistic inference. In this study, importance
sampling is applied, which is directly supported by Gen. The sampling is guided by the
delay of the outgoing trains in the plan, which is computed by subtracting the original
scheduled departure time from the actual departure time and taking the sum of these values
over all departing trains in the plan. Each shunting plan is then given a weight based on this
departure delay, such that a plan with much delay is given a lower weight, while the plan
is given a higher weight if the delay is closer to zero. This weighting mechanism encourages
punctual plans during inference. The final output is the posterior distribution of robust
plans for a scenario.

4 Experimental Setup and Results

All experiments were run on a Lenovo Thinkpad E15 gen 3 with the AMD Ryzen 5
5500U processor. The experimental setup and configuration files used are stored at the
4TU.ResearchData database®. The README file contains all information about the con-
tents of the repository and on how to set up the experiments.

4.1 Importance Sampling on a Large Location

For the first experiments, the ‘Kleine Binckhorst’ location was used (figure 3), which is a
shunting station close to train station The Hague in The Netherlands.

Figure 3: Kleine Binckhorst shunting station by Sporenplan [2]

The scenario has three incoming trains, consisting of four train units in total. Two of
these train units are in need of cleaning. The setup of the outgoing trains is the same as
that of the incoming trains so recombinations are not included in this example. The initial
schedule is composed to be very tight, where the slightest delay of an incoming train can
mean a delay in the outgoing trains as well. The arrival times were sampled from a normal
distribution centered around these initial arrival times and given a standard deviation of 50
seconds. When running importance sampling for 50 iterations, the weights of the plans in
the resulting distribution can be represented in a graph as in figure 4.

To be able to display and analyse the weights, the logarithm is taken and the weights

3https://doi.org/10.4121/b974f9f2-672c-44a6-aff8-04806d5f26e6
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Figure 4: Importance sampling for 50 iterations on the Kleine Binckhorst shunting station
involving six trains.

are normalised. A log weight close to zero indicates a plan that has succeeded better in
reducing outgoing delay and is therefore more robust. In contrast, increasingly negative
values correspond to less robust plans. An interesting remark about the graph is that only
42 plans are displayed. This is because some plans were deemed ‘not feasible’ by the solver.
This highlights one limitation of the solver used, it appears to be unable to generate feasible
shunting plans when sufficient train units are not yet present at the scheduled departure
time, even in cases where these train units will still arrive later.

4.2 A Simple Shunting Example

The next example will go more in depth into a scenario and show that the robust plans can
be an improvement over the deterministic plans generated by the solver. The location and
scenario considered are shown in figure 5. In this scenario there are no recombinations or
services required, the only task is to route the trains to the departure track in the correct
order. Train A arrives first at the shunting yard and is also scheduled to depart first. The
trains may use track 1 or track 2 to park and wait before they are scheduled to depart,
and both tracks are of sufficient length to fit both train A and B at the same time.

track_1

Arrival Destination

track_2

Figure 5: Simple routing example where train unit A arrives before B, and departs before
B.



Depending on the setup of a planner, it might send both trains over ¢rack 1. This could
work in the initial scenario, but if the trains are scheduled tightly and A is delayed, then
B could end up arriving early and blocking train A to reach the destination first. A more
robust plan would use both tracks so on no occasion a train will be blocked (figure 6).

ﬁ
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Arrival _— Destination
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Arrival Destination

Figure 6: Top: Robust plan, both tracks are used. Bottom: Not a robust plan, if train A is
delayed it is stuck behind train B.

In an experiment, the baseline arrival times of the two trains are set on 2050 seconds and
2100 seconds, making it possible to solve the scenario by routing both trains over a single
track. The scenario is modelled by sampling the arrival times from a normal distribution
with a standard deviation of 60 seconds. Using this setup there is a high chance that sce-
narios are generated where the first train arrives only after the second train has arrived.
Importance sampling is applied on this scenario for 50 iterations. As a result, 38% of the
resulting plans divide the trains over both the tracks and the remaining 62% of the plans
use only a single track.

4.3 A Shunting Example Including Service Scheduling

As explained in section 2, the TUSP is a complicated problem that involves scheduling,
routing and matching, with uncertainties emerging in all these different places. Another
example of an uncertainty is the scheduling of cleaning services. A train unit can be sched-
uled for cleaning, in which case a cleaning duration is given. One train unit might be more
dirty than the other and this next example will consider the case where one of the incoming
train units has an uncertain cleaning time. As shown in figure 7, the location consists of five
tracks, where track 1 has the ability to clean train units on a cleaning platform. Trains
A and B arrive at track 4 and track 5, and should depart on track 3 and track 2 re-
spectively. The arrival and departure tracks are connected by a single cleaning track. Train
A arrives first and is in need of cleaning. Whilst train A is being cleaned, train B arrives
and needs to wait for train A to be finished and clear the track. Train B is scheduled to
depart just after train A should be finished with the cleaning task, so right after track 1
is cleared, it needs to make use of it. The problem with this tight schedule is that as soon
as the cleaning of train A is slightly delayed, the initial plan is not valid any more and
train B will have to depart with some delay. This can be shown by simulating the setup
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and sampling the scenario from a probabilistic model. Whenever the cleaning task finished
before the scheduled time, the plan is unchanged. However, often the cleaning task takes
longer than expected in which case train B departs with a delay.

track_4

A track_1

B Cleaning
Platform

track_5

Figure 7: Cleaning example, train A arrives first and needs cleaning. Train A blocks the
track for train B which arrives later. If the cleaning of train A is delayed, the departure of
train B will be delayed.

5 Responsible Research

5.1 Impact

Transporting humans or goods by trains is still common practice today [5]. When compared
to other means of transportation, trains are one of the most efficient and environmentally
friendly options [7]. Improving the reliability and efficiency of train transport can support
its growth. According to Savelberg and Warffemius, the estimated total costs of train delay
in the Netherlands is between 400 and 500 million euros, which is even considered to be
an underestimate because some components such as the additional costs in infrastructure
management could not be quantified [10]. Needless to say, it would be a great effort if train
delays can be reduced and if travelling by train in general can be made more efficient. Rail-
way travel delay substantially affects the emission of trains [16] so minimizing delay would
reduce greenhouse gas emissions by itself, but it would also make people and companies
more willing to take a train instead of other types of transportation.

5.2 Reproducibility

All the methods, tools, and configuration files used in this study can be found at the
4TU.ResearchData database. This repository includes a README file that explains the
structure of the repository, provides links to the configuration files for each experiment done
in this research, and describes how to set up the project. The tools can be used on any mod-
ern device, ensuring that any result presented in this paper can be reproduced by anyone
using the methods and tools listed.

6 Discussion

A remark should be taken into account when discussing the results. This research used
a previously developed TUSP solver to study a technique of making train unit shunting
plans robust. One of the properties of this solver is that it is not a deterministic solver, like
explained in subsection 3.2. In this study, plans are made while incorporating uncertainties
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and these are compared to the plan made in the exact, theoretical scenario. Since the solver
used is not deterministic, there is already some randomness in the solver itself, which in-
fluences the result. This study has tried to reduce the impact of random fluctuations from
the solver by increasing the uncertainties introduced, which in the case of random arrival
times means a higher standard deviation on the normal distribution used to sample from.
Ideally, a deterministic solver should be used when studying the method so any deviation
from the deterministic plan can be attributed solely to uncertainties in the input, rather
than randomness introduced by the solver.

Figure 4 shows the normalised log weights of the plans when running importance sam-
pling for 50 iterations on a scenario with three trains. This scenario includes routing trains
and scheduling cleaning services. The weights have very small values, indicating that the
likelihood under the target distribution (the distribution of robust plans) is small. This
however is to be expected. The location is relatively complicated, so in spite of the scenario
not being too extensive, there are still a large number of different plans possible to be made,
resulting in small weights. More interesting are the values relative to one another. One plan
stands out as an outlier with a very low value. This indicates that it has low posterior prob-
ability under the model, suggesting that it is not a robust plan. When aiming to determine
a robust plan it is useful to consider and compare those with higher values.

Two example scenarios are shown in section 4 where the output distribution of the pro-
cess delivers more robust plans than the original plan. In figure 5 a scenario is considered
where an uncertainty in the arrival times can cause a problem where one train is stuck
behind a different train, if the two trains are routed to the same track. The output distribu-
tion contained several plans where the trains were instead routed on both tracks, making a
more flexible plan. Figure 7 showed another example where a train is stuck behind another
train. In this case the moves are not so interesting and stay mostly the same throughout
all plans. The scheduled timing however does change and therefore the outcomes are most
useful for what happens after this scenario. If the train, which is waiting behind the cleaned
train, departs with delay it can create large issues on its future timetable. The distribu-
tion of robust plans in this case shows that it is desired to leave some margin between
scheduled times and is able to uncover where the margin should be: the departure time of
the awaiting train should be somewhat later. Both the examples are small and real-world
scenarios will often be more complicated, but they do clearly show that the output distri-
bution of robust plans contains plans which are an improvement over the deterministic plan.

This research studied a method for obtaining robust plans for the TUSP, resulting in a
distribution of robust solutions. This distribution in itself is not interesting for practical
application and it is of interest to investigate how to apply this result in a real-world plan-
ning scenario. This research considered the situation at Dutch railways and it is therefore
valuable to look at the current state of the planning process. The Dutch railway manager
ProRail is working together with the IT company CGI to improve railway scheduling when
disruptions occur [1]. CGI developed an algorithm which generates a custom proposal when
disruptions occur, consisting of five options. The train dispatcher and the workplace safety
leader consequently assess the proposals and decide which one will be used. A similar ap-
proach can be applied for using the algorithm worked out in this research. The output
distribution can be sampled to obtain a small amount of (distinct) plans. These plans can
manually be classified to decide on a final plan to use.
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7 Conclusions and Future Work

7.1 Conclusion

This paper aims to create Train Unit Shunting Problem (TUSP) plans which are robust
against uncertainties. It builds upon previous work where the method was introduced,
and contributes by applying it to a more sophisticated solver capable of handling more
complex scenarios, while introducing a new uncertainty not previously explored. The study
investigated a method that wraps around an existing TUSP solver and utilises probabilistic
programming to make robust plans. The research showed uncertainties which exist in a
real-world version of the TUSP and used Gen.jl to implement probabilistic models for both
uncertain arrival times and uncertain servicing durations. Next, importance sampling was
applied to derive the output distribution of robust plans. The paper proposed a method for
applying the output of the process in a real world scenario and two experimental scenarios
were demonstrated where it is beneficial to use one of the robust plans over the plan that was
initially made by the solver. These scenarios show the potential of integrating probabilistic
inference into the planning process in improving railway efficiency and reducing delays.

7.2 Future Work

This research only tried importance sampling as inference method. Gardos Reid suggested
to use Markov Chain Monte Carlo (MCMC) methods, where previous shunting plans are
reused and updated over time. In his proposed approach, the scenario is updated each iter-
ation by resampling the uncertain variables. Next, the previously created shunt plan is used
until the plan is no longer valid, at which point the remainder of the plan is created by re-
running the planner at the current situation. This is a promising technique, as it iteratively
alters plans to arrival time deviation, reflecting the real-world process of replanning. This
paper did not use MCMC, partly because the solver used did not support reusing old plans
out of the box.

The modelling of the problems can be expanded by studying the effect of using different,
more realistic distributions to represent delays. Furthermore, the method can be tested on
different kinds of uncertainties. The travel speed of a train can differ, or the time it takes
for two train units to split or combine can vary. In addition, more impactful uncertainties
can be studied, for example a malfunctioning train or switch, resulting in track closure.

This study tried to use an evaluator to assess whether ‘robust plans’ from the output dis-
tribution remain valid on the original scenario. While this attempt was unsuccessful, it
would be worthwhile to use a flexible evaluator which is able to evaluate only the sequence
of moves, rather than exact timings. This would allow for automatic validation of robust
plans against the original scenario, enabling the ability to plan on more complicated sce-
narios involving more trains, recombinations and service scheduling. Additionally, it would
improve quality assessment of the robust plans. A plan can be simulated on several different
uncertain scenarios. The plan can subsequently be weighted on the amount of uncertain
scenarios it is able to solve, in addition to the amount of output delay they cause.
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Use of Large Language Models

Large Language Models (LLM’s) have been used to assist the writer during the research. To
assist in the writing process, the models ChatGPT-40, ChatGPT-40 mini and ChatGPT-4.1
mini of OpenAl have been used to improve readability and reduce spelling mistakes. More
information about the models can be found on the OpenAl website?. An example prompt
of the usage of these LLM’s is as follows:

*sentence/paragraph of text

Please highlight any spelling mistakes in this sentence/paragraph of a scientific paper and

suggest improved phrasing if necessary.

4https://platform.openai.com/docs/models
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Changes suggested by the LLM’s were verified and if considered an improvement, imple-
mented within the original text.

During modelling and programming, the code completion function of GitHub Copilot has
been used to speed up the coding. An example of this is added below in figure 8. The
slightly dimmer text after scheduled departure_times = get, is a suggestion by Copilot.

scheduled arrival times = get a al ti from con ( arsefile io_config

scheduled departure times = ge:—'t] C ture es Trom SON. par ena

Figure 8: GitHub Copilot Code Completion example
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