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Abstract. The Train Unit Shunting Problem (TUSP) is a hard combinatorial optimization problem faced by the Dutch Railways (NS). An
earlier study has shown the potential to solve the parking and matching
sub-problem of TUSP by formulating it as a Markov Decision Process and
employing a deep reinforcement learning algorithm to learn a strategy.
However, the earlier study did not take into account service tasks, which
is one of the key components of TUSP. Service tasks inject additional time
constraints, making it an even more challenging application to tackle.
In this paper, we formulate the time constraints of service tasks within
TUSP to enable deep reinforcement learning. Using this new formalization,
we compare two learning strategies, DQN and VIPS, to evaluate the most
suitable one for this application. The results show that by assigning extra
triggers to agents at fixed time intervals, the agent accurately learns
based on VIPS to send the trains to the service tracks in time to comply
with the departure schedule.
Keywords: Train Unit Shunting · Deep Reinforcement Learning · Value
Iteration.
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Introduction

The Dutch Railways (NS) operates a daily number of 4,800 domestic trains
serving more than 1.2 million passengers each day. When trains are temporarily
not needed to transport passengers they are maintained and cleaned at dedicated
shunting yards. Here, NS is dealing with the so-called shunting activities [2].
The Train Unit Shunting Problem (TUSP) is a computationally hard sequential
decision-making problem. At a service site, train units need to be inspected,
cleaned, repaired and parked during the night. Furthermore, specific types of
train units need to depart at a specific times. Together, these requirements
and constraints make the TUSP a highly challenging scheduling and planning
problem.
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In 2018 NS has started to explore the possibility to solve the TUSP problem
with Deep Reinforcement Learning [5], and this has shown great potential in
solving the parking problem using Deep Q-learning. In [5] the authors only
focused on matching incoming trains to outgoing trains and sending trains to
parking locations. However, the service tasks, which form a key component and
often are the bottleneck, are not yet taken into account. More generally, time
constraints were out of scope.
For a complex planning and scheduling problem like TUSP, a proper design
of the environment, reward functions, state representation and actions is critical
to keep the problem not only tractable, but even learnable at all. To better
understand and monitor the learning of an agent on the TUSP problem, we
keep track of specific movements and violations during training. For instance, we
monitor: correct departures, sending trains to the service track if there is undone
service task, and parking at tracks with sufficient space. These visualizations
and monitoring of the agent behaviors have helped a lot in iteratively improving
upon the design of the agent, as well as the environment representing the TUSP
problem. We believe that this strategy of monitoring shall be also helpful for
other real-world applications which are as complex as TUSP.
In the following sections, we first describe the TUSP problem and its environment in detail, followed by the Deep Reinforcement Learning (DRL) methods our
agents employ. Afterwards, we empirically compare different learning methods.
We close with a discussion of the effectiveness of our formulation and learning
methods.
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Train Unit Shunting Problem (TUSP)

First, let us discuss an example to get a feel for what TUSP problems are. Figure
1 and Figure 2 illustrate a small TUSP problem. Figure 1 shows a service site.
Trains enter and exit the site over gateway track G and can be parked on track 1
to 4. The tracks are connected by the switches a and b. The length of the parking
tracks is displayed in meters. A cleaning platform allows internal cleaning tasks
to be performed on trains positioned on track 2.
Figure 2 is a planning instance. Figure 2(b) shows the lists of incoming and
departing trains together with their incoming and departing time. The departure
trains specify the composition of subtypes instead of the train units, since the
assignment is part of the matching problem. The ordering of the train units or
subtypes indicates from left to right the order of the train units of subtypes in the
train on the service site. Figure 2(a) describes the type of service tasks required
for specific train units and the duration of such service tasks. The goal is to find
a feasible shunting plan to move train units onto a shunting yard and make sure
they can be serviced and parked in suitable locations, and subsequently depart
at the desired time.
Please note that this example is only for illustration purposes, and real
shunting yards and problem instances faced by NS are larger and more complex.

DRL for TUSP with Interval Timing

3

Fig. 1. An example of a service site.

(a) Train units

(b) Arrivals and departures

Fig. 2. An example scenario

2.1

Design of the TUSP Environment

The design of the environment is essential for an agent to solve the TUSP problem
effectively and efficiently. Specifically, we need to encode the essential components
in the sequential decision making process of making a shunting plan in a compact,
yet informative way.
The process starts with a train arrival at the gate track, and a decision
needs to be made to move the arrival train immediately from the gate track to
a parking track. If the train requires certain services, it will need to be moved
to the corresponding service track from its current position before its expected
departure time. If there is no service needed, the train will park on a parking
track and wait for departure. At a certain moment, a train with a specific type
and composition will be requested for departure, and the chosen train will move
from the parking track to the gate track to depart. When all the arrival trains are
handled properly and all departure trains depart in time with all service done,
the planning process terminates and all the decisions form a feasible solution.
Therefore, the TUSP environment has to provide (1) proper triggers to
indicate agents when to take an action, (2) a proper action set to allow agents to
make necessary decisions, (3) rewards and punishment to teach agents whether a
action is good or bad, and (4) yard status and expected train arrival/departures to
provide agents with sufficient information for decision making. All these elements
will be introduced in the following:
Triggers The environment maintains a trigger list in which each trigger has a
countdown timer indicating how much time left to its execution. After a trigger is
processed, it is deleted from the trigger list. The types of trigger events include:
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1. An Arrival trigger is described with the train and time. When it is processed,
the corresponding train appears on the gate track.
2. A Departure trigger is described with the train type and time.
3. An End-Of-Service trigger is described with the train unit and time. It can
only be added to the trigger list by starting a service.
4. An End-of-Movement is also a trigger added after each movement state
changes. When End-of-Movement is triggered the agent can take a new
action.
These trigger events alone are not sufficient for agent to learn to put trains
to service. Therefore, we propose the wait action to wait until the next trigger.
In this setting, the wait action can result in time being moved forward with
anywhere from a minute to several hours. While full information of how far the
next trigger is, is encoded in the state, in early training the agent cannot access
that information. This will make outcome of the wait action highly unpredictable
and agent is less likely to learn it, despite it being crucial to solving an episode.
To address this phenomenon, it is best to make a trade-off between uniform
and reactive sampling of time. This can be achieved by limiting the maximum
interval between triggers. If the duration between triggers is long, extra triggers
will be sampled with an uniform time interval. It should be mentioned that this
condition will not change or enhance optimum solution to the planing problem.
However, it proved to push training of the agent in the direction of the optimal
policy.
Action space In this work, the action space consists of track-to-track movements,
plus the wait action. No combination or splitting actions of train units are
considered in this study and the compositions of arrival and departure trains
are assumed to remain the same. Each movement has a start track and an end
track. Movement actions only exist when these tracks are inherently connected;
hence the agent can never violate routing between tracks. We note that this holds
given that no simultaneous movements can be performed. Since all track pairs
(start track to end track) are either connected to each other with a movement
to the right or a movement to the left, there can only be maximum of one train
which can move from the start track to the end track. Wait actions will forward
the state of the yard in time to a fixed time interval or the next train arrival,
a required train departure, or the end of service (cleaning) of a train. Via this
action space, the agent has the freedom to move each train around.
Note that if a train unit has an undone service task and is sent to the
corresponding service track, the service task is assumed to be started automatically
after the movement.
Rewards and violations When the agent chooses an action that causes one
of the following violations, the episode ends.
1. Choosing a start track that is empty and therefore there is no train to move.
2. Choosing to wait when there is an arrival or departure train.
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3.
4.
5.
6.
7.
8.
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Parking a train on a gate track or relocation track.
Choosing the wrong time or a wrong train type for departure.
Choosing a train with undone service for departure.
Moving a train while in service.
Violating the track length.
Missing a departure or arrival while doing other movements.

For actions that result in certain situations, rewards will be given:
–
–
–
–
–
–
–

Moving to the relocation track: -0.3
Move to the service track while no service is required: -0.5
Right departure: +2.5
Wait for service to end:+(duration in minutes)/60
End service: +(duration in munites)/60
Find a solution: +5
Others: 0

State representation For the state representation, all data describing train
arrival and departure schedules, and their required service time on each track
is incorporated. The current positions and order of trains on tracks are also
included. The type of a train unit is not communicated directly in the state,
however to match leaving train units with required train type, for each train in
the yard and each train which has not arrived yet, opportunities when this train
can leave the yard are indicated. To summarize, the following information are
encoded into the state representation and the concatenated into a vector:
–
–
–
–
–
–
–
–
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Position of train units on the track.
Required service time of train units.
Whether a train unit is under service.
Length of train units.
Time to arrival of train units.
Is it the arrival time of a train unit?
Next 3 departure opportunities of the same train type.
Is it the departure time of the same train type?

Deep Reinforcement Learning for TUSP

In this section we describe our methodology for learning initial solutions (i.e.,
policies) for the improved formulation of the TUSP, as described in the previous
section. As mentioned earlier, using DRL methods to solve the parking and
matching subproblem of TUSP have been proposed [5]. However, the new TUSP
formulation is significantly harder, due to the inclusion of temporal constraints
as well as service tasks.
Consider the general setting shown in Figure 3 where an agent interacts with an
environment. At each time step t, the agent observes a state signal st , and performs
an action at . Following the action, the state of the environment transitions to
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st+1 and the agent receives reward rt . We note that in our formulation, the state
signal is sufficiently Markovian to model the problem as fully observable, i.e.,
the state transitions and rewards can be stochastic and are assumed to have
the Markov property; i.e. the state transition probabilities and rewards depend
only on the state of the environment st and the action taken by the agent at .
It is important to note that the agent can only control its actions, and has no
prior knowledge of which state the environment would transition to or what
the reward may be. By interacting with the environment, during training, the
agent can learn about these quantities. The P
goal of learning is to maximize the
∞
expected cumulative discounted reward: E[ t=0 γ t rt ], where γ ∈ (0, 1] is the
factor discounting future rewards. In our application γ is set to 0.99.

Fig. 3. Showing interaction of DRL agent with the environment

The agent picks actions based on a policy, defined as a probability distribution
over actions: π(s, a) which is the probability that action a is taken in state
s. As there is at least one optimal deterministic stationary policy in a fully
observable infinite-horizon discounted MDP [3] (as our TUSP formulation is),
policies are often written as a mapping from states to actions, π(s). In many
popular reinforcement learning methods [8], this policy is derived from an stateaction-value function Q(s, a), i.e., π(s) = arg maxa Q(s, a). However, in most
problems of practical interest, there are many possible (state, action) pairs.
Hence, it is impossible to store the state-action-value function in tabular form
and it is common to use function approximators. A function approximator
has a manageable number of adjustable parameters, θ; we refer to these as
the policy or network parameters. The justification for approximating the Qfunction is that similar states should have similar state-action values. Deep Neural
Networks (DNNs) are a popular choice and have been shown to be usable as
Q-function approximators for solving large-scale reinforcement learning tasks [4].
An advantage of DNNs is that they do not need hand-crafted features.
3.1

DQN

In the previous study of [5], the Deep Q-Network (DQN) [4] is adopted to solve
the parking and matching subproblem of the TUSP. Their architecture is divided
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into two parts. First, a series of convolutional layers learns to detect increasingly
abstract features based on the input. Then, a dense layers map the set of those
features present in the current observation to an output layer with one node for
every possible action possible in environment. The Q-values correspond to how
good it is to take a certain action given a certain state. This can be written as
Q(s, a). Deep neural networks can be adopted as a function approximator for the
Q-values of each (state,action) pair. This enables generalization from seen states
to unseen states.
For (their subproblem of) TUSP [5] needed to make slight changes to standard
DQN. The reason for this is that many actions are invalid at given time-steps. As
DQN needs an equal number of outputs for each timestep, and must learn not to
perform invalid actions, taking an invalid action is modelled as: receiving a highly
negative reward, and ending the episode. However, because the action-space in
TUSP is very large, this preempts learning efficiently: invalid actions are taken
too often, so actually ending an episode with only valid actions because a rare
occurrence using an ε-greedy exploration strategy. Therefore, the first three times
an invalid action is chosen, the state is reverted to the previous state (before the
offending action), and the strategy is switched to greedy, excluding the invalid
action that was just taken. Note that the greedy action according to the network
might also be invalid. In this case, the second-best action according to the actionvalue network Q is chosen. [5] found that this was an essential adaptation to make
DQN work for their subproblem of TUSP. Because our formulation of TUSP
has similar action spaces, but is even more complex (i.e., has more challenging
constraints), we make use of this adaptation as well.

3.2

Value iteration with post-decision state (VIPS)

In DQN, the agent had difficulty handling transition function for TUSP. This
is mainly due to the large action space, and the many invalid actions (leading
to terminal states). This made learning slow. As our TUSP formulation is more
complex, we found that DQN became too slow again. However, there some
observations we can exploit.
In general the transition function determines how likely it is that we reach
next state st+1 . However, if we are in st in a deterministic problem like TUSP, the
probability of a certain action is either zero or one. Furthermore, the transition
function is known to us. Therefore, rather than using a Q-learning algorithm, we
can employ a planning algorithm that exploits this. We extend value iteration for
TUSP, to show the deep learning agent the deterministic transition function in
advance.It should be emphasized though, that unlike DQN, after the agent has
converged in value iteration, it cannot be used independent of the environment
simulator to pick out actions, as it requires the transition function to operate.

Value function Value function V (s) measures how good it is to be in a specific
state. By definition, it is the expected discounted rewards that collect totally

8

Lee et al.

following the specific policy:
V π (st ) =

T
X

0

Eπθ [γ t

−t

r(st0 , at0 )|st ]

(1)

0

t =t

Approximate value iteration First, dynamic programming can be used to
calculate the optimal value of V iteratively.
V ∗ (s) = maxa E[rt+1 + γV ∗ (st+1 |st = s, at = a)]

(2)

Then, the value function can be used to derive the optimal policy.
The Post-Decision State Variable The post-decision state variable is the
state of the system after we have made a decision (deterministic) but before
any new information (stochastic in general) has arrived. For a wide range of
applications, the post-decision state is no more complicated than the pre-decision
state, and for many problems is it much simpler [6]. For the remainder of this
section st is pre-decision state variable and sat is post-decision state variable, in
case of deterministic information, or using a forecast for the information sat is
the same as st .
3.3

Training procedures of DQN and VIPS

In this paper, we propose Value Iteration with Post-States (VIPS) as a method
to solve TUSP. The main differences between VIPS and DQN are in the action
selection. Specifically, VIPS either takes an exploratory action, or the greedy
action with respect to the sum of the immediate reward, and the value of the next
state. Note that the agent takes exploratory actions (even though it is a planning
problem) for the function approximator to learn how to generalize across more
of the reachable state-space. The target value is now based upon the VI Bellman
backup rule [1] rather than the Q-learning update rule [9].

4
4.1

Experiment Setup
Instance generation

To test the performance of DRL model in various scenarios, 5,000 problem
instances are generated for 4, 5, 6 and 7 trains, separately, resulting in a total
of 20,000 problem instances. From these 20,000 problem instances, 1,000 are
randomly withdraw as the test instance while the rest are used for training the
DRL agents. The shunting yard studied in this work is ’de Kleine Binckhorst’
which is one of the smallest yards of NS. In all the instances, there is at least
one internal cleaning task assigned.
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Neural network architecture

For both DQN and VIPS, Dense Neural Networks are constructed. The input to
the neural network is a 1610 dimensional vector. The first and second hidden
layers are fully connected layer with 256 and 128 units that use the ReLU
activation function. The difference between DQN and VIPS on the nerual network
architecture is in the output layer; DQN has a fully connected linear layer with
53 outputs (one for each action) while VIPS has a fully connected linear layer
with 1 output. Other hyperparameters for DQN and VIPS are the same with
the batch size of 128, memory length of 400,000, random exploration of 400,000
steps, discount factor of 0.99, and ADAM optimizer.
4.3

Off-policy action filtering

The main challenge of training in TUSP problem is that most actions (e.g.
possible movements in the yard) are invalid at any given state. Therefore it is
interesting to know what would be the effect of filtering on feasible actions while
training the DRL agent to constrain its search space.
As mentioned earlier, there are many violations possible in the TUSP environment that will lead to immediate termination of the episode. Therefore, an
off-policy rule is proposed to filter out actions that would result in immediate
violations. It should be noted that the neural network will still estimate a value
for the filtered action; hence theoretically it could be chosen as the optimal action
(especially during early training).

5
5.1

Results
Convergence and problem solving capability

Figure 4 and Figure 5 show the convergence of Q values and losses of DQN
and VIPS learned on either filtered actions or all actions. The light orange lines
are the actual values and the dark orange lines show the exponential moving
average of those values. It is very clear to see that when DQN learned on filtered
actions, its Q values and losses explode after 60,000 episodes which is about
90 hours of execution. Because of this apparently bad result, it was terminated
earlier compared to other models. VIPS, on the other hand, did converge when
only learned on filtered actions. However, when learned on all actions, VIPS
converges faster than DQN. VIPS learned on all actions and VIPS learned on
filtered actions both converge around 40 hours of execution and therefore there
is no clear benefit to learn only on filtered actions.
The capability to solve TUSP problems is essential for the evaluation of
different models. All these four off-policy models are used to find shunting
plans for 5 sets of test instances which are randomly withdrawn from 1,000 test
instances. Their average performance is listed in Table 1. Models learned on all
actions clearly have a better problem solving capability, and VIPS learned on all
actions significantly outperforms the others. Figure 4 also supports the results
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(a) VIPS learned on(b) VIPS learned on(c) DQN learned on(d) DQN learned on
filtered actions
all actions
filtered actions
all actions
Fig. 4. Q values of different models in episodes

(a) VIPS learned on(b) VIPS learned on(c) DQN learned on(d) DQN learned on
filtered actions
all actions
filtered actions
all actions
Fig. 5. Losses of different models in hours of execution

of Table 1. VIPS learned on all actions converges to a higher Q value compared
to other methods which indicates a better strategy is learned. DQN learned on
filtered actions, on the other hand, fails to converge and therefore fails to learn a
proper strategy.
5.2

Monitoring on learning behaviour and violations

VIPS, filtered actions
VIPS, all actions
DQN, filtered actions
DQN, all actions

Percentage of solved instances
0.601±0.030
0.905±0.037
0±0
0.782±0.016

Table 1. Average percentage of solved instances and standard deviations of different
models on solving 5 sets of 200 test instances.

As discussed earlier, the main target of this work is to enable DRL agents
to learn the concept of time in order to send the trains to service tracks for
service at a proper moment. More specifically, the agent should generate a policy
that trains should only move around when necessary and if there is no need
or it is not a good moment to move, they should choose to wait on the tracks.
Therefore, the learning behaviours of agents on learning the concept of waiting
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(which also implies the concept of time) are also monitored during the training
process as given in Figure 6. After the random exploration period VIPS learned
on all actions very quickly converges on learning the concept of waiting and it
also learns to wait for often compared to other models. This suggests that it does
not only solve more problems as shown in Table 1, but it also solves the problems
with a better strategy.

(a) VIPS learned on(b) VIPS learned on(c) DQN learned on(d) DQN learned on
filtered actions
all actions
filtered actions
all actions
Fig. 6. Wait actions of different models in episodes

In addition to monitoring on movement/wait actions, learning behaviours
on violations are also monitored during training in this work. The monitoring
on the violations and actions has helped a lot on the iterative adjustment on
the design of TUSP environment and in understanding the decisions made by
DRL agents. Figure 7 show some examples of the learning behaviours of VIPS
learned on all actions on some violations. For instance Figure 7(d) shows that
the agent did not learn to send the trains to service tracks at the beginning (after
random exploration) and therefore trains often leave with undone service. After
some episodes this violation starts to drop and is fully learned by the agent after
300,000 episodes. By monitoring various violations at the same time, we can
better understand which are tasks are easy or difficult to learn by the agent, and
ultimately to help us understand the bottleneck of the problem instance or the
yard itself.

(a) Request train at(b) Move a train un-(c) Depart a wrong(d) Depart a train
an empty track
der service
train type
with undone service
Fig. 7. Monitoring of different violations during the training (in episodes) of VIPS
learned on all actions
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Discussion and Conclusion

In this paper, we formulate the time constraints of service tasks within TUSP to
enable deep reinforcement learning. Using this new formalization, we compare
various learning strategies to evaluate the most suitable one for this application.
The results show that by assigning extra triggers to agents at fixed time intervals,
the agent accurately learns to send the trains to the service tracks in time to
comply with the departure schedule.
Specific movements and violations are monitored during training to keep
track on the capability of the agent on learning certain tasks effectively. These
visualizations and monitoring of the agent behaviors have helped a lot in iteratively
improving upon the design of the agent and the environment for the TUSP
problem. We believe that this strategy of monitoring shall also be helpful for
other real-world applications which are as complex as TUSP.
In this paper, we have focused on how many instances can be solved successfully, i.e., adhering to all (hard) constraints. However, when this is not possible,
there are going to be trade-offs between different constraints. To empower the
users of our planning system, we aim to model this using multiple objectives [7]
in future work.
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