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Abstract: This article tackles the real-world planning
problem of railway operations. Improving the timetable
planning process will result in more reliable product
plans and a higher quality of service for passengers and
freight operators. We focus on the microscopic models
for computing accurate track blocking times for guar-
anteeing feasibility and stability of railway timetables. A
conflict detection and resolution model manages feasi-
bility by identifying conflicts and computing minimum
headway times that provide conflict-free services. The
timetable compression method is used for computing
capacity consumption and verifying the stability accord-
ing to the UIC Capacity Code 406. Furthermore, the mi-
croscopic models have been incorporated in a multilevel
timetabling framework for completely automated gener-
ation of timetables. The approach is demonstrated in a
real-world case study from the Dutch railway network.
Practitioners can use these microscopic timetabling mod-
els as an important component in the timetabling process
to improve the general quality of timetables.

∗To whom correspondence should be addressed. E-mail: r.m.p.
goverde@tudelft.nl.

This is an open access article under the terms of the Creative Com-
mons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

1 INTRODUCTION

Timetabling is one of the major planning tasks in rail-
way traffic and becomes increasingly complicated with
the increasing demand for more services. Planners are
constantly under pressure to fit additional trains into
busy schedules while at the same time maintaining and
improving the level of service such as seamless connec-
tions and punctuality. Timetables need to provide ac-
curate time–distance infrastructure slots, or train paths,
that secure conflict-free train runs. Moreover, the plan
must adhere to daily stochastic variations in the train
services, that is, be robust.

Integrated automatic timetabling models provide
fast solutions that allow analyses of multiple timetable
scenarios and tweaking different planning criteria. This
will eventually lead to a better understanding of the ca-
pacity use and overall high-quality timetables. Tsiflakos
and Owen (1993) already stressed the importance of
automated decision support and presented a structural
representation of railway data necessary for any further
application of optimization techniques. Indeed, there
is an evident need for modeling approaches that allow
an efficient use of optimization algorithms and other
supporting models in timetabling.

We make a distinction regarding the level of de-
tail considered in timetabling. Two approaches can be
recognized—microscopic and macroscopic. The latter
considers the railway network at a higher level, in which
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station is represented as a node and tracks by linking
arcs. In a microscopic approach, detailed infrastructure
aspects like speed limits, gradients, curves and signal-
ing system are considered. In this article, we introduce
microscopic models that can accurately evaluate timeta-
bles and support macroscopic models to construct oper-
ationally acceptable timetables which are feasible and
stable. The railway research on both microscopic and
macroscopic models attracted significant research (Peng
et al., 2011; Xie et al., 2014; Castillo et al., 2015; Sels
et al., 2016).

An extensive review of timetabling models is given
in Cacchiani and Toth (2012). Kroon et al. (2009) pre-
sented the practical implementation of a set of opti-
mization models for the Netherlands Railways. These
optimization models assumed a macroscopic infrastruc-
ture model using default norms for safe separation times
of following, crossing and meeting trains. This norma-
tive approach cannot guarantee to solve all route con-
flicts in the computed (macro) timetable, or on the
other hand may lead to inefficient large buffer times.
Moreover, scheduling train paths over the given infras-
tructure and the capacity assessment of the resulting
timetable are separated processes. Therefore, macro-
scopic approaches should be integrated with more de-
tailed models that ensure the operational feasibility of
the timetable.

Timetable feasibility is the ability of all trains to ad-
here to their scheduled train paths. A timetable is feasi-
ble if (1) the individual processes are realizable within
their scheduled process times, and (2) the scheduled
train paths are conflict free, that is, all trains can pro-
ceed undisturbed by other traffic. A conflict is defined
as an overlap (in time and space) between two trains
on the same route which represents that one train can-
not use the railway infrastructure without interfering
with the other train. A few approaches have been pro-
posed in literature based on a hierarchical integration
of timetabling models with different level of details
(Schlechte et al., 2011; Gille et al., 2008; Caimi et al.,
2011; De Fabris et al., 2013). The current integrated
models using microscopic details for timetabling do not
perform any feasibility check of the timetable produced,
except for Schlechte et al. (2011); while none of them
considers any iterative modification to the timetable if
it is proved to be infeasible at the microscopic level.
In other words, Schlechte et al. used a microsimula-
tion for conflict detection, while none of the approaches
consider any conflict resolution methods. Hence, these
models solve the timetabling problem in one direction
only and thus represent an open-loop strategy.

D’Ariano et al. (2007) proposed a model for real-
time train rescheduling that includes a feasibility check
and recomputing speed profiles with some simplify-

ing assumptions, such as trains running at maximum
speeds with possible braking at conflicts, a simplified
interlocking model at station layouts, and fixed speed-
independent clearing times. In our model, we explic-
itly compute operational running times, sight, setup and
clearing times, and consider track sections instead of
block sections which in particular matters in station ar-
eas with switches. This provides a more accurate con-
flict detection. A review of other real-time rescheduling
models can be found in Cacchiani et al. (2014).

Timetable stability is defined as the capability of ab-
sorbing train delays (UIC, 2013). As a stability measure,
we adopted the UIC (International Union of Railways)
recommendation that a timetable is stable if capacity oc-
cupation rates are under certain norms depending on
the traffic structure. Capacity occupation is defined as
the time share needed to operate trains according to a
given timetable pattern taking into account scheduled
running and dwell times. Thus, we first compute the ca-
pacity occupation for stations and corridors and then
compare obtained values with the UIC norms. The cur-
rent practice of a posteriori capacity assessment of the
final timetable is not efficient: a lot of time may be in-
vested in producing a timetable that afterwards may not
satisfy the stability norms.

Within tactical railway planning, capacity assessment
is generally based on the microscopic UIC compression
method (UIC, 2013; Landex and Jensen, 2013), while
stability on the network level can be assessed by the
stability analysis tool PETER (Goverde, 2007). The
UIC method has been developed for assessing lines
and corridors. However, the main limitation of the UIC
method is that it computes the capacity in station areas
by considering the platform tracks separately from
the interlocking areas in between the home signals
and the platform tracks (Lindner, 2011; Armstrong et
al., 2015). This independence assumption results in an
underestimated station capacity.

Nash and Huerlimann (2004), Siefer and Radtke
(2006), and Quaglietta (2014) presented advanced
microscopic simulation tools, which are able to accu-
rately simulate railway operations based on a detailed
modeling of infrastructure, signaling and train dynamics
that could be used to detect conflicts in a timetable.
However, these multipurpose microscopic simulation
models need long computation times to evaluate
conflict-freeness of timetables on large and heavily uti-
lized railway networks. Therefore, they are not suitable
for fast analyses during the design of a timetable.

Train running time computations are one of the
most common models in railway applications, and have
been used for computing minimum running times in
timetable planning or for energy efficient driving in
real-time applications. These models are commonly
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including principles of optimal control theory. A de-
tailed review can be found in Albrecht et al. (2013),
or Scheepmaker and Goverde (2015). An operational
speed profile is the one that exploits existing time sup-
plements between departure and arrival times to allow
the train arriving on time, instead of being ahead of
schedule. The operational speed profile is used to assert
that an acceptable speed profile exists for allocated
time supplements. For example, it may occur that a
macroscopic timetable assigned an excessive running
time supplement that would require a train to run very
slow below a certain practical minimum speed. Such
a speed profile should be avoided. Second, we need
the operational speed profiles for detecting timetable
conflicts and assessing the infrastructure capacity.

Communication between microscopic and macro-
scopic models is essential for efficient and consistent
bidirectional transformations. These transformations
would allow generating accurate input to a macroscopic
model on one side, and evaluating a timetable on the
detailed microscopic level on the other. Schlechte et al.
(2011) introduced a micro to macro transformation, but
the reverse transformation from macro to micro has not
been described in the literature yet.

The state-of-the-practice suggests that improvements
in the timetable planning process are necessary in
various directions (ON-TIME, 2016). Most notably, a
timetable is expected to be realizable considering a
great level of detail including infrastructure, rolling
stock, signaling and automatic train protection (ATP).
Second, timetabling tools should work as a whole,
as well as in terms of individual functions, that is,
a stepwise development is recommended. Third, the
final timetable should satisfy specified values for per-
formance measures such as feasibility, capacity occu-
pation, robustness, and energy consumption (Goverde
and Hansen, 2013). Finally, it is important to reduce the
computation time of the planning tools.

To overcome the limitations in the state-of-the-art
and answer the questions from practice, we developed
a hierarchical framework of performance-based rail-
way timetable design in the European FP7 project
ON-TIME (Optimal Networks for Train Integration
Management across Europe) (Goverde et al., 2016).
In particular, the framework includes microscopic
models presented in this article and a macroscopic
timetabling model that interact iteratively by adapting
microscopic running and minimum headway times until
the produced macroscopic timetable is proved feasible
and stable.

The aim of this article is to provide a methodology
for timetable design that will cater for more structural
insight into a timetable and make the process itself
more efficient, which would result in timetables of a

higher overall quality. In the past, we introduced a
conceptual ON-TIME framework (Bešinović et al.,
2014). In this article, we describe the deterministic
microscopic timetabling models and provide efficient
automatic transformations between microscopic and
macroscopic networks. Microscopic models compute
accurate running and minimum headway times that are
used as input to a macroscopic model, and verify that
the timetables produced by the latter are feasible at the
level of track sections. For timetable evaluation, and
particularly the micro–macro framework, operational
speed profiles may be recomputed numerous times.
Thus, we define a new model for fast computing oper-
ational speed profiles, although various models based
on optimal control exist in the literature. Stability is
checked by verifying that the infrastructure capacity
occupation respects the UIC guidelines (UIC, 2013).
We propose an analytic model for capacity assessment
that efficiently deals with both stations and corridors.
Network transformations are required to provide the
relevant data for specific computations. Aggregating
the data to a macroscopic level allows the application of
macroscopic optimization models while considering a
consistent operationally relevant railway infrastructure.
After computing a macroscopic timetable, the reverse
transformation is applied from macro to micro. This
is done by recomputing the operational speed profiles
with respect to the arrival/departure times from the
macroscopic timetable. All microscopic models can be
used for designing and evaluating both periodic and
nonperiodic timetables and each model can be used
individually or as a building element of the timetabling
framework. The microscopic models have been tested
on a part of the Dutch railway network including the
main corridor Utrecht–Den Bosch–Eindhoven.

The main contributions of this article are the
following:
� fast computation of operational train trajectories

from scheduled event times that enable microscopic
timetable evaluation;

� capacity assessment based on max-plus automata that
compute the capacity occupation in stations more re-
alistically than the current UIC method;

� automatic conflict detection that accurately deter-
mines existing conflicts at the level of track sections;

� consistent network transformations from micro to
macro and vice versa.

The remainder is organized as follows. Section 2
gives the structure of the general framework. Section
3 describes the network and data modeling. It also in-
cludes conversions from micro to macro and vice versa.
Section 4 presents a detailed description of the mi-
croscopic modules and their functions. Further, it
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introduces the basics of max-plus automata theory and
its application to the UIC compression method. Section
5 illustrates the approach in a Dutch case study. Section
6 reflects on the developed models and finally Section 7
presents conclusions and future research.

2 THE MICRO–MACRO TIMETABLING
APPROACH

The ON-TIME project defined a framework for achiev-
ing high-quality railway timetables with an integrated
set of state-of-the-art timetabling techniques. More
details about the models used and the framework
developed can be found in (Goverde et al., 2016). One
of the main objectives of the project was to build up
“a scheduled train-path assignment application, with
automatic conflict detection capabilities, that builds
on the concept of robust timetables, has a unified net-
work coverage, is microscopic at selected parts of the
control area, is scalable, and able to connect to Traffic
Management Systems, with user-friendly interfaces and
execution states that correspond to the IM timetabling
management milestones.” This objective has been
reached by the two-level functional framework rep-
resented in Figure 1, which indicates the interactions
among the microscopic and macroscopic models.

Input data of the framework are microscopic char-
acteristics of the infrastructure (e.g., track gradients,
position of stations, switches), the rolling stock (e.g.,
mass, number of coaches, tractive effort-speed curve,
resistance parameters), the signaling and ATP system
(braking behavior, signal aspect sequence) and the
interlocking (e.g., local feasible routes). Both input and
output of the framework are in a standardized railway
data format, known as RailML (RailML, 2015).

The timetabling computation is an iterative process
of two models:

� A microscopic model that computes reliable train
running and blocking times at a highly detailed
level and checks for feasibility and stability of the
timetable,

� A macroscopic model that produces a timetable
at aggregated network level, by identifying arrival/
departure times at/from stations or junctions to op-
timize a given objective function (e.g., minimize
journey times). This is an optimization model that
can also provide timetables that are robust versus
stochastic operation disturbances.

In the first iteration a timetable is not available
yet, so the microscopic model computes minimum run-
ning times and blocking times, which are aggregated

Fig. 1. Scheme of the micro–macro framework for timetable
design.

to macroscopic running times and minimum headway
times and sent to the macroscopic model to calculate
a timetable. When a macroscopic timetable has been
produced this is sent back to the microscopic model
which computes updated blocking times required for
detecting track conflicts based on the operational run-
ning times (i.e., the running times including time sup-
plements scheduled by the macroscopic timetable). If
there are track conflicts, these are resolved and min-
imum headway times are computed which are trans-
ferred to the macro model again. This iterative process
is repeated until all track conflicts have been solved and
the macroscopic timetable can be defined as feasible.

In the next step, the microscopic model evaluates
the stability of the timetable. If the timetable is not
stable enough, new operational running times are
computed by, for example, increasing the value of time
supplements and/or buffer times. This is performed
until the timetable stability is also verified. For the
transformations from the microscopic level to the
macroscopic level, and vice versa, efficient procedures
have been developed to aggregate and disaggregate
input and output data. In general, microscopic models
are necessary to (1) compute initial input data for the
macroscopic timetabling model, (2) assess the timetable
feasibility and stability when used independently, and
(3) guarantee operational feasibility and stability when
included in the micro–macro framework.

3 NETWORK AND DATA MODELLING

As already pointed out by Tsiflakos and Owen (1993),
we need to use structurally organized input data. In the
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Fig. 2. Representation of a (a) microscopic network and (b)
macroscopic network.

past years a significant effort has been seen in defining a
standardized railway data format RailML. This RailML
data format is more and more adopted for communica-
tion between railway software tools, and therefore we
also adopted this RailML data exchange format. The
input to our models thus consists of a set of RailML
files composed of: (1) microscopic infrastructure data,
(2) rolling stock data, including train formations,
(3) interlocking, signaling and ATP system data, (4)
available routes, and (5) train lines. A train line is
defined with origin and destination points, stopping
pattern at timetable points (stations, stops) and a
corresponding rolling stock type. It also includes the
service category, such as local or intercity, and the
frequency represented in number of trains per hour.
These data are converted to a suitable internal for-
mat of ASCII data which is used by the microscopic
models. Additional parameters, such as connections
and transfer times, dwell times, and other timetable
design parameters and norms are provided externally.
The hierarchical framework for timetable design is
composed of two network models that respectively
represent the same network with a microscopic and a
macroscopic level of detail.

3.1 Network modeling

3.1.1 Microscopic network. The microscopic model
considers homogeneous behavioral sections for the accu-
rate computation of train trajectories and running times
(Figure 2a). A homogeneous behavioral section is de-
fined as a section with a certain length l, and constant
characteristics of speed limit vlim , gradient g, and radius
ρ. The microscopic network is based on a graph whose
arcs are obtained by aggregating the homogeneous be-
havioral sections into track sections denoted by b. A
track section corresponds to a track-free detection sec-
tion, or several track-free detection sections including at
most a single switch. On the open track, a block is con-
sidered as one track section, while in interlocking areas
one block may include multiple sections.

The nodes of the microscopic network coincide
with the joints between consecutive block/track sec-
tions or to infrastructure elements such as signals,
switches, and platforms. This level of infrastructure
details allows very accurate infrastructure capacity as-
sessment, feasibility checks and minimized wasted ca-
pacity, which is particularly important in highly utilized
networks.

We distinguish between functions working on the be-
havioral section level of the infrastructure network on
one hand, and the track section or block section level
on the other. Computations of minimum and opera-
tional running times and corresponding speed profiles
are applied on the former, while computation of block-
ing times and minimum headway times, conflict detec-
tion, and capacity assessment are applied on the latter.
We also define a set of microscopic timetable points K,
where each point k represents an infrastructural point of
interest such as stations that provide passenger (and/or
freight) interaction and allow train overtaking, stops
that do not have enough tracks to facilitate overtak-
ing or dwelling of more than one train, and junctions
where two or more railway lines intersect or merge and
no trains are scheduled to stop.

3.1.2 Macroscopic network. The macroscopic network
N = (S, A) is automatically produced from the micro-
scopic one and used for the macroscopic timetabling
model (Figure 2b). Nodes in a macroscopic network
are referred to as macroscopic timetable points, s ∈ S.
The potential candidates for s are stations and junc-
tions from K . An arc a ∈ A represents the corridor
between two successive macroscopic points si and s j .
Each arc is comprised of a set of microscopic arcs, a =
(b1, b2, . . . , bn). The generation of a macroscopic net-
work is explained in Section 3.3.

3.2 Timetables, trains, and routes

We distinguish between a microscopic and macroscopic
timetable. A macroscopic timetable (macroTT) includes
scheduled running, dwell and transfer times, as well as
event times such as arrivals, departures, and passages
between and in macroscopic points. A microscopic
timetable (microTT) includes all the aforementioned
event times for microscopic timetable points and the
corresponding train speed profiles defining the exact
train trajectories.

The set of trains is indicated by T . For each train t ∈
T , St ⊆ S is a set of served macroscopic timetable points.
We assume that for each train the route ρt (i.e., the
sequence of traversed tracks without the correspond-
ing travel times) is provided. Here, we differentiate
between a microscopic route ρmicro

t = (b1, b2 . . . , bnt ),
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where nt is the number of microscopic arcs for train t ,
and a macroscopic one ρmacro

t = (a1, a2 . . . , amt ), where
mt is the number of macroscopic tracks for train t .

For each train t ∈ T and each macroscopic arc a
the minimum running time rta, the nominal running
time r ta including a running time supplement, and the
maximum running time r̄ta are given. All running times
are computed by microscopic algorithms, while the
nominal and maximum ones are given as input to the
macroscopic model. The scheduled running times in
macroTT are called operational running times and de-
noted as r̃ta . Similarly, we define running times rtk1k2 ,
r̄tk1k2 , r̃tk1k2 between two microscopic points ki and k j ,
representing the minimum, maximum, and scheduled
ones, respectively.

For each train t ∈ T and each microscopic point k ∈
K the nominal dwell time wtk and maximum dwell
time w̄tk is provided. Because the aim of timetable
planning is to provide an acceptable quality of service,
certain design norms need to be predefined. The set
of these parameters consists of minimum transfer times,
turnaround times, minimum and maximum, running
time supplements (%), and maximum allowed journey
times of train lines (%).

3.3 Microscopic to macroscopic conversion

Algorithm 1 describes the automatic procedure for
the micro to macro network and data transformations,
which are similar to Schlechte et al. (2011). Our ap-
proach differs in two points. First, the algorithm of
Schlechte et al. does not compute running or blocking
times, but uses the commercial software OpenTrack
to do so. Second, their algorithm performs a search
over all infrastructure elements (i.e., block sections)
to determine macroscopic points, while we do it exclu-
sively over microscopic timetable points. Note that a
set of microscopic points is quite extensive and includes
much more than just stations and stops, but also each
important junction, switch, crossing, movable bridge,
or platform. In terms of complexity, this means that
our algorithm has significantly less work than that of
Schlechte et al., making our model computationally
faster. The CPU time for our micro to macro conversion
is under one second.

The conversion from microscopic to macroscopic
models includes three steps: computing process times,
generating a macroscopic network, and aggregating
process times for the macroscopic network. The al-
gorithm first computes the minimum running times
and corresponding blocking times. Then, it aggregates
microscopic arcs (track sections) bi to macroscopic
arcs a = (b1, b2, . . . , bn). Each arc a is described with
the number of tracks and its orientation (mono- or

bidirectional). The former is determined by identifying
different routes between two nodes using the function
DetermineTracks, while function DetermineDirection
determines the latter. The subset of macroscopic points
S is then derived from the microscopic points K . The
algorithm compares all pairs of train routes separately.
The macroscopic point is chosen based on the interplay
between train routes. The microscopic point k is in S
only if (1) any two routes are converging, diverging, or
crossing in k, or (2) k is the origin or destination point
of any route. For example, for two routes using micro-
scopic points {k1, k2, k3, k5} and {k1, k2, k4}, respectively,
the set of macroscopic points is S = {k1, k2, k4, k5}. Point
k2 is included because it is a diverging point (first crite-
rion), while k1, k4, and k5 satisfy the second criterion.

After initializing the macroscopic network, headways
are determined at each macroscopic point s and for
all possible interactions between each two train routes.
The computation of the blocking times and minimum
headway times are executed on the block section level
of the infrastructure network. Once all process times
are computed on the microscopic models, the algo-
rithm performs the aggregation of process times and
the discretization of time. The function AggregatePro-
cessTimes aggregates the microscopic running times
(i.e., between each two microscopic timetable points) to
aggregated process times between two timetable points
in the macroscopic network. The minimum running
time rta between two macroscopic points may comprise
several microscopic running times and dwell times be-
cause S ⊂ K , that is, not all micro points are in S. The
nominal running time over a is obtained by adding a
running time supplement λmin to the minimum running
times plus the intermediate dwell times:

r ta :=
m∑

i=1

(1+ λmin) rtki ki+1 +
n∑

i=1

wki

where arc a is bounded by some macro points [si , s j ],
m is the number of consecutive running sections, and
n is the number of intermediate microscopic points be-
tween si and s j . Similarly, the maximum running time r̄ta

over a is obtained with respect to a maximum running
time supplement λmax. Initially, λmin is provided such
as 5%. In any following iteration it is computed from
the macroTT returned by the macroscopic timetable
model.

The macroscopic model may use a coarser time
granularity, so a time discretization of process times
is performed as well. The incorporated function rep-
resents an innovative rounding method that has the
objective to control the rounding error by combin-
ing rounding up and rounding down. By applying
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AggregateProcessTimes, we obtain all process times
that are necessary for macroscopic computation.

The network transformation is applied in the initial
stage of timetable planning to provide the required net-
work input to a macroscopic model because the given
line requests (origin/destinations and stop patterns) are
considered as fixed. Hence, the macroscopic network
structure remains the same during all iterations. On
the other hand, AggregateProcessTimes is run each time
(e.g., iteration) a data input (for a macroscopic model) is
adjusted based on the output of the microscopic models
such as the updated train speed profiles, running times
and headway times that need to be aggregated for each
new run of the macro model.

Algorithm 1. Micro to macro conversion 
Input: Microscopic network , microscopic points 

, dwell times , timetable design norms , set of 
trains  
Output: macroscopic network , 
macroscopic running, dwell and headway times 
Forall 
   Compute microscopic running times  
   Compute blocking times  
End Forall 
Forall microscopic timetable points  
   Forall  pairs of train lines 
      If  is origin or destination point OR lines 
converge OR lines diverge OR lines cross 
         add k to macroscopic nodes:  
      End If 
  End Forall 
End Forall 
Forall  adjacent timetable points 

Create a macroscopic arc  
   DetermineTracks of arc 
   DetermineDirection of arc    
End Forall 
Forall macroscopic timetable points

Compute minimum headway times 
End Forall 
AggregateProcessTimes for       

3.4 Macroscopic to microscopic conversion

After obtaining a macroTT, we need to translate
it to a microscopic level of detail in microTT, see
Algorithm 2. In other words, from the scheduled event
times for the macroscopic timetable points we recon-
struct the train trajectories and scheduled times for all

microscopic timetable points. To do so, we apply the
following three steps for each train. Step 1 derives run-
ning time supplements for a macroscopic route ρmacro

t
and distributes them to the corresponding microscopic
route ρmicro

t . Step 2 determines the operational speed
profile for the given time supplements (Section 4.2). Fi-
nally, the computation of blocking times concludes Step
3 (Section 4.3). Step 1 is explained in more detail in the
following subsection and is followed by an example of
the macro to micro conversion.

 
Algorithm 2. Macro to micro conversion 

Input: microscopic network , macroTT  
Output: microTT 
Forall trains  
1. Determine allocated running time supplements 
2. Compute operational speed profiles (see Section 4.2) 
3. Compute blocking times (see Section 4.3) 

End Forall 

3.4.1 Allocation of running time supplements. In Step
1 we determine the running time supplements that are
allocated in a given macroTT. Based on the scheduled
running time (difference between the scheduled depar-
ture time and scheduled arrival time at the next consid-
ered point) in macroTT, we compute the corresponding
allocated running time supplement between two macro-
scopic points. We denote ψta as the difference between
the scheduled and minimum running time for macro-
scopic arc a of train t , r̃ta and r ta , respectively. This de-
fines a vector �t of the time supplements ψta between
each two macroscopic timetable points over the corre-
sponding route qmacro

t . This is done for all trains t ∈ T .
Recall that not all microscopic timetable points

are necessarily also macroscopic, but the macroscopic
points are a subset of the microscopic points. This
means that several microscopic timetable points may ex-
ist between two adjacent macroscopic points. By com-
puting an operational train trajectory over an arc a
and considering just a given time supplement ψta , one
may obtain an unequal distribution of time supplements
between two consecutive microscopic timetable points.
Hence, we need to migrate from time supplements over
arcs, to the lower level, that is, time supplements be-
tween each two microscopic points, which results in dis-
tributing time supplements in a more justified manner.
To do so, we assign ψta proportionally to all sections
between each two adjacent microscopic points based on
the running time over that section. So, each section k1k2

receives a portion: ψtki k j = ψta rtki k j /rta , where rta is the
minimum running time between two macroscopic points
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Fig. 3. Macro to micro transformation.

over arc a, rtki k j the one between two microscopic points
ki and k j and ψtki k j is the corresponding running time
supplement. By doing this, we enforce an equal time
supplement distribution and prevent that some sections
get no time supplements.

Figure 3 gives a graphical representation of the macro
to micro transformation for a given train t operating
between A and D. Let A and D be macroscopic
timetable points, while B and C the microscopic ones.
The macroscopic arc a = (A, D). The train stops at
all points. Solid lines represent scheduled running
times, and dashed lines are the minimum ones. The
macroscopic timetabling model produces (macroTT)
the scheduled running time, r̃ta , and corresponding min-
imum running time rta . Step 1 computes the running
time supplement ψta , as ψta = r̃ta − r ta (Figure 3a).
Then, ψta is distributed proportionally between each
two neighboring microscopic points (Figure 3b). In Fig-
ure 3c, the dotted line is the static speed limit along
the route. Step 2 computes the operational speed pro-
files for each section between two microscopic points
(Figure 3c) which is explained in the following section.

4 MICROSCOPIC COMPUTATIONS

4.1 Minimum running times

The minimum running time is the time required for
driving a train from one infrastructure point to an-

other assuming conflict-free driving as fast as possible.
Running times are computed using microscopic train
dynamic models that require detailed rolling stock and
infrastructure data, including route-specific static speed
profiles.

Running times are modeled by means of the New-
ton’s motion equations (Brünger and Dahlhaus, 2014).
The tractive effort is assumed a piecewise function
of speed consisting of a linear part and one or more
hyperbolic ones. The resistance force is modeled based
on the Davis resistance equation, a second-order
polynomial of speed. The braking rate is defined as a
single deceleration rate. A train speed profile and the
associated running time are determined as function of
distance (Bešinović et al., 2013). These first-order ordi-
nary differential equations are solved by the numerical
Dormand–Prince method (Butcher, 2013), which is a
variant of the more general Runge–Kutta approach.
The output of this function constitutes microscopic
running times rtki k j for each t ∈ T and where ki and
k j are the subsequent microscopic points along the
route ρmicro

t . It also includes the corresponding train
trajectories, that is, time–distance and speed–distance
diagrams.

4.2 Operational running time computation

In Step 2, for each train t ∈ T and corresponding �t ,
we compute the operational running time consisting of
the detailed train trajectory and scheduled times at mi-
croscopic timetable points, which are used for further
microscopic analyses as conflict detection and capacity
assessment.

By definition, the scheduled running time contains
time supplements added to the microscopic minimum
running time to absorb a stochastic variation of train
runs during real operations. In the initial stage of the
timetable planning, the time supplement is usually 5%
of the minimum running time, which is a common value
for the Netherlands Railways. At the microscopic level,
the operational speed profile is obtained by applying
cruising with a speed lower than the maximum speed.
The insertion of cruising phases at lower speeds is real-
ized by means of a customized bisection algorithm. This
identifies the speeds and the cruising phases that return
a running time equal to the operational one provided by
the timetable.

The input of this model is therefore the arrival/
departure times and the operational running times
planned in macroTT. The output are the microscopic
train trajectories that satisfy the operational running
time in microTT. In the following, we leave out the in-
dices to keep the text easier to read.
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We focus on computing an operational speed profile
between two consecutive stopping points. To acquire
the operational profile we use an operational parameter
p [%], which represents the ratio between the given
static speed limit and an actual speed that should be
used to consume the given time supplement ψ . Lower
and upper bounds for p are 30 and 100, respectively.
Lower bound prevents that a train cruises at unaccept-
ably low speed. For example, if the maximum speed
is 130 km/h, the minimum allowed speed would be
39 km/h. Upper bound gives the minimum running
time. The operational parameter is applied on open-
track to exploit the running time supplement, while
maintaining the maximum speed through areas with
restricted speeds (i.e., sections with the maximum
speed of 40 km/h). The running time with respect to
the operational parameter is computed by applying
the running time function (described in Section 4.1)
for adjusted static speed limits over the infrastruc-
ture. If several microscopic points exist between two
adjacent macroscopic timetable points like stops at
the open-track, then for each train line p is a vector
with different values between each two microscopic
points.

The function uses an adjusted bisection algorithm
to find an operational parameter p with a correspond-
ing operational speed profile as described in detail in
Algorithm 3. The focus here is on a single section be-
tween two microscopic timetable points. The function
inputs are the scheduled running time r̃ from the mi-
croTT and the microscopic minimum running times r as
well as a tolerated error εtolerance [s], which is applied as
a stopping criterion. The algorithm introduces the cur-
rently computed running time rcurrent for the given op-
erational parameter and the absolute computed error
εabs, that is, the difference between r̃ and rcurrent. Ini-
tially, rcurrent is set equal to the minimum running time
and p is set to 100.

In each repetition, the algorithm

1. computes a speed profile (and running time) for
value p,

2. refines the search range [plb, pub] for p depending
on the relation of r̃ and rcurrent,

3. updates p and εabs.

Steps 1–3 are repeated until the absolute error
satisfies the stopping criterion.

Consequently, the blocking times are computed for
all operational speed profiles and feasibility and stabil-
ity of the microTT is evaluated applying the algorithms
described in the next section.

Algorithm 3. Computation of operational speed profile
Input: Micro network, time supplements (from Step 1), 

, train lines T 
Output: Operational speed profiles for all train lines 
Initialize , 
Forall tuples (train line, running section, time 
supplement) 
  Set bounds for operational parameter , 
  Initialize , |, 

   While  > 
←RunningTimeComputation( ) 

If
 Update lower bound 

Update operational parameter 
     Else  

Update upper bound 
Update operational parameter 

     End If
     Update error |

   End While 
End Forall  

Algorithm 4. The conflict detection procedure 
Input: set of track sections , set of blocking times 

Output: set of conflicts   
Initialize   
Forall  

Create a set of trains  that use block  and   
corresponding blocking times  

   Sort  based on start of  blocking times 
   Create a pairing list of adjacent trains  

Forall pairs 
   If  
      Insert into  a conflict      

between trains  
  End If  
End Forall  

End Forall 

4.3 Blocking times

A blocking time is the time interval that a given sec-
tion (block section or track detection section) is exclu-
sively allocated to a single train and therefore blocked
for other trains. In railways it is not allowed for two
trains to be contemporary in the same block section.
Blocking times are computed according to the classical
blocking time theory (Hansen and Pachl, 2014).
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Fig. 4. Blocking time stairway.

As can be seen in Figure 4, the blocking time of a
train relative to a given block section is composed of
the following components: setup time tsetup [s] to set the
route for the approaching train; sight distance lsight [m]
or sight time tsight [s] of the train driver when approach-
ing the previous block section (approach signal); reac-
tion time treaction [s] of the driver, usually equal to 1.5–
2 seconds; approach time tapproach [s] needed by the train
to cross the previous block section; running time tblock [s]
of the train to cross the block section; clearing time tclear

[s] needed by the train to clear the block section over its
train length; release time trelease [s] needed to release the
route after the train clearance. After having computed
all these terms the blocking time dij of the train t relative
to block i is obtained as

dti = tsetup,i + tsight,ti + treaction,ti + tapproach,ti + tblock,ti

+ tclear,ti + trelease,ti (1)

The input to this function are the infrastructure char-
acteristics and running times of trains. In particular,
the operational running times, either from the initial
iteration that includes 5% of running time supplements
or from macroTT, are used to produce the sched-
uled blocking time stairways. Note that the signal-
ing system presented in Figure 4 represents a three-
aspect two-block signaling system but different systems
can be also modeled like four-aspect (U.K. signaling),
the Dutch progressive speed signaling system, or the
European Train Control System (ETCS) Level 1, 2,
and 3.

Blocking times represent the main ingredient for the
following functions, so we introduce it formally as dti =

(ds
ti, de

ti), where each blocking time dti of section i by train
t is specified from the start ds

ti to the end de
ti of the block-

ing time. Each train t has an attributed list of blocking
times Dt = {dt1, dt2, . . . , dtn}, where n is the number of
track sections along the route ρmicro

t .

4.4 Minimum headway time computation

A minimum headway time is the time separation
between two trains at certain positions that enable
conflict-free operation of trains (Hansen and Pachl,
2014). The minimum headway is computed based on
the blocking times of each train for every macroscopic
point, and for each pair of consecutive trains. In partic-
ular, for each pair of trains we calculate a set of mini-
mum headways considering all the possible interactions
between them such as both trains leaving a station, both
trains entering a station, or one entering and the other
leaving.

We introduce the computation of the minimum head-
way at a timetable point s ∈ S. Let Bijs be the set of
blocks associated to conflicting routes (inbound or out-
bound) of train lines i and j in timetable point s, de

il be
the end of blocking time dil, and ds

jl the start of blocking
time d jl . Assume that both trains have the same refer-
ence event (i.e., departure, arrival, or passing) time at
s, for example, equal to 0. Then the minimum headway
hijs from train line i to j in timetable point s is computed
as

hijs = max
l∈Bijs

(
de

il − ds
jl

)
(2)

4.5 Conflict detection and resolution (CDR)

The CDR model consists of two algorithms: conflict de-
tection (CD) and conflict resolution (CR). The aim of
the CDR is to verify the feasibility of the macroscopic
timetable and to locally resolve potential conflicts by an-
alyzing the interaction between scheduled trains at the
microscopic level. A track conflict occurs when two or
more trains are scheduled to the same track section at
overlapping periods of time. In other words, a track con-
flict is identified when the blocking times of two trains
overlap fully or partially at a given track section. When
a macroscopic timetable is available, we can test its fea-
sibility at microscopic level using the CD procedure.
This function takes as input the blocking time stairways
produced for the operational running times. If there is
an overlap between the blocking times of two different
trains, this indicates a track conflict that must be solved.
Specifically, track conflicts are solved by shifting trains
in time until the blocking times do not overlap anymore.
This shift initiates a change in the minimum headway
between the trains. After all track conflicts have been



Microscopic models and network transformations for automated railway traffic planning 11

detected, it is necessary to recompute the correspond-
ing minimum headways. These new headways may be
given to the macroscopic timetabling model to itera-
tively adjust the macroscopic timetable until no con-
flicts are detected anymore. Therefore, conflict-freeness
is tested comparing the interaction of scheduled block-
ing times for each pair of trains, that is, checking the
possible blocking time overlaps between those two. The
blocking time overlap cijϕ from train line i to j at cor-
ridor ϕ is computed similarly to the minimum headway
times as

cijϕ = max
l∈Bϕ

(
de

il − ds
jl

)
(3)

where Bϕ is the set of conflicting blocks at corridor ϕ.
If cijϕ > 0 then a conflict exists. Usually, a corridor cor-
responds to a macroscopic arc. In this way, the whole
network is analyzed by the conflict detection algorithm.

For the modeling purposes of CD we used a compact
but efficient algorithm:

1. Sort the start and end times of the blocking time
intervals over shared blocks.

2. Go through the sorted end times and build up the
list of conflict pairs by looking at the preceding
start time.

Algorithm 4 for CD is presented in the following.
First, we initialize the set for observed conflicts �. The
CD algorithm progresses through the list of track sec-
tions and for each b ∈ B it generates the set Db that
includes blocking times of trains that traverse the bth
section. Then, Db is sorted regarding the start and end
times (ds

ti , de
ti ). For each pair of adjacent trains (ti , ti+1)

the procedure checks the relation between the block-
ing time end of train ti and blocking time start of train
ti+1, de

t − ds
t+1. If this value is positive then a conflict ex-

ists. A conflict γ ∈ � is described with a pair of con-
flicting trains t1 and t2, the corresponding track section
b, and the total time in conflict, that is, the overlap
η← de

t − ds
t+1; formally, γ = (b, t1, t2, η).

Once all the conflicts have been determined, the CR
procedure described in Algorithm 5 resolves existing
conflicts between pairs of trains. The CR procedure
(1) computes the maximum overlap, (2) determines the
associated headway (pair of trains and corresponding
macro point) to be updated, and (3) updates the head-
way time for the maximum overlap. Recall that head-
ways were defined for each macroscopic point, while a
conflict may be located somewhere between two macro
points. Therefore, we also need to choose the corre-
sponding macro point to assign the updated headway.
Algorithm 5 gives a step-by-step description of the CR
procedure.

Algorithm 5. The conflict resolution procedure 
Input: tracks , conflicts , , headways 

 
Output: updated headway times 
Forall  
   Forall pairs ( ) 

Step 1. Initialize a subset, , of conflicts that 
correspond to a triplet ( ,  

Step 2. Compute the maximum overlap for  
Step 3. Choose macro point s  
Step 4. Update  

   End Forall 
End Forall 

In the first step, the procedure determines the sub-
set of conflicts �sub ⊂ � that corresponds to a pair of
conflicting trains (t1, t2) at a given arc a ∈ A. Then, the
maximum overlap ct1t2a is determined using (3). Step 3
finds the macroscopic point s for which the headway
should be updated. This choice has been made based
on the geographical distance between the track section
with the maximum overlap and the surrounding macro-
scopic points, that is, the closer point is selected. Finally,
the relative headway ht1t2s is increased by ct1t2a .

4.6 Capacity assessment

In this section we define the idea of infrastructure capac-
ity assessment. Our approach for capacity assessment
is based on the timetable compression method, which is
common practice. Timetable compression is the process
of shifting train paths to each other as much as possible,
bringing them to the (time) distance of minimum
headway times. The total time needed for operating
such a compressed timetable is the capacity occupation.
Capacity assessment consists of determining capacity
occupation and capacity occupation rate (share of
used capacity expressed in %). We briefly introduce
the max-plus automata theory and then apply it to
compute capacity occupation. Note that in this section
we use a common max-plus algebra notation that
may differ from the rest of the article. Our approach
overcomes the current limitation of the UIC method
and estimates the capacity for the station as a whole,
and thus, includes all route dependencies in the station
area. The capacity occupation μ(ϕ) of corridor ϕ can
be obtained by

μ (ϕ) =
∑

{(i, j)∈Wϕ}
hijϕ (4)

with Wϕ the cyclic pattern of successive train pairs (i, j)
in corridor ϕ, and hijϕ the minimum line headway. The
minimum line headway is computed similarly to a local
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minimum headway but with respect to all blocks on a
corridor ϕ instead of a timetable point s. A corridor may
be equal to a station area, an arc or comprise several
adjacent arcs, ϕ = ∪ ai . We compute the capacity occu-
pation for each corridor ϕ ∈ �, applying an algorithm
based on max-plus automata theory.

4.6.1 Basics of max-plus automata theory. Max-plus
automata combines elements of the heaps-of-pieces
theory and max-plus algebra and was introduced by
Gaubert and Mairesse (1999). A max-plus algebra is a
semiring over the union of real numbers and ε = −∞,
equipped with the two binary operations maximum (⊕)
and addition (⊗). Let Rmax be the set of real scalars and
−∞, then for a, b ∈ Rmax the operations are defined as

a ⊕ b = max (a, b) , a ⊗ b = a + b

The element ε = −∞ is the neutral element for ⊕
and absorbing for ⊗. The element e = 0 is the neutral
element for ⊗. Properties of max-plus algebra are simi-
lar to conventional algebra. We refer to Goverde (2007)
for more details on max-plus algebra with application to
railways.

A max-plus automaton H is a triple (Q, R,M), where

� Q is a finite set of tasks, for example, all possible train
routes,

� R is a finite set of resources, for example, block sec-
tion or track detection section,

� M is a morphism Q∗→ R|R|x |R|max which is uniquely
specified by the finite family of |R| × |R|-dimensional
matrices M(l), l ∈ Q. Also, Q∗ denotes a set of cho-
sen train (partial) routes over a given corridor from
Q, Q∗ ⊂ Q.

We define a timetable as an ordered sequence of
tasks, w = l1 . . . ln . Therefore,

M (w) = M (l1 . . . ln) = M(l1)⊗ . . .⊗ M (ln)

A task is called an elementary task if R-dimensional
row vectors s(l) and f (l) exist such that s(l) ≤ f (l) and

Mij (l) =

⎧⎪⎨
⎪⎩

e, if i = j, i �= R (l)

f j (l)− si (l) , if i, j ∈ R (l)

ε, otherwise

(5)

Variables s(l) and f (l) represent the start and end
time of task l, respectively. In the railway terms, task
l is a (partial) route of a train line, while s(l) and f (l)
correspond to occupation and release times of the ith
block, ds

i and de
i , respectively.

The upper contour x(w) of a schedule w is defined as

x (w) = M (w)⊗ x (e)

Fig. 5. (a) Example infrastructure and (b) capacity
occupation for schedule abc.

where x(e) is an R-dimensional vector corresponding
to an empty schedule. A more extensive description
of max-plus automata theory is given by Gaubert and
Mairesse (1999) and Egmond (2000).

4.6.2 Application of max-plus automata to capacity
occupation. The capacity occupationμ(w) of the sched-
ule w is computed as

μ (w) = min (x (wa)− ( f (a)− s (a))) (6)

where schedule wa is a schedule for one cycle w and the
first train service a that belongs to the next cycle, and
f (a)− s(a) is the blocking time stairway of the repeated
train service a over all resources. This formulation cor-
responds to Equation (4). The capacity occupation rate
C(w) is defined as C(w) = μ(w)

P × 100[%], where P is
the scheduled cycle period.

Let us summarize the capacity occupation model.
First, we define a set of arbitrary railway sections φ. A
section ϕ ∈ φ may represent a corridor or a station (i.e.,
macroscopic timetable point). A corridor is bounded
by a pair of macroscopic timetable points, for example,
ϕ = (s1, s2, . . . sn). A station is treated similarly by ac-
cepting ϕ = s. Then, we determine a subset Q∗ of train
routes that are selected for train lines over section ϕ. Fi-
nally, the model computes the capacity occupation for
each ϕ ∈ φ by using (6) and is represented with μ(ϕ).

4.6.3 Numerical example. Let us consider the follow-
ing example for computing the capacity occupation in a
station. Consider three trains a, b, c, schedule w = abc
and resources r = 1, . . . , 4, as in Figure 5a. Train route
a uses resources [1, 3, 4], b uses [4, 2, 1], and c uses
[1, 3, 4]. The train blocking times are given as

Route s (r) f (r)
a [0, ε, 15, 25] [25, ε, 35, 50]

b [25, 15, ε, 0] [50, 35, ε, 25]

c [0, ε, 20, 90] [30, ε, 100, 120]

Note that ε represents an unused resource. The cor-
responding matrices M for routes a, b, and c are defined
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using Equation (5) as follows:

M (a) =

⎡
⎢⎢⎣

25
ε

10
0

ε

ε

ε

ε

35
ε

20
10

50
ε

35
25

⎤
⎥⎥⎦

M (b) =

⎡
⎢⎢⎣

25
35
ε

50

35
20
ε

35

ε

ε

ε

ε

0
10
ε

25

⎤
⎥⎥⎦

M (c) =

⎡
⎢⎢⎣

30
ε

10
−60

ε

ε

ε

ε

100
ε

80
10

120
ε

100
30

⎤
⎥⎥⎦

The matrix M for schedule ab is computed as

M (ab) = M (a)⊗ M (b) =

⎡
⎢⎢⎢⎢⎣

100 85 35 75

35 20 ε 10

85 70 20 35

75 60 10 25

⎤
⎥⎥⎥⎥⎦

Similarly, train c is added to the schedule in the same
manner, that is, M (abc) = M(ab)⊗ M(c). The upper
contour of the schedule abca is then computed as

x (abca) = M (abca)⊗ x (e) =

⎡
⎢⎢⎢⎣

220
85

230
245

⎤
⎥⎥⎥⎦

The capacity occupation for the scheduled services
abc is then computed as

μ (abc) = min (x (abca)− ( f (a)− s (a)))

= min

⎛
⎜⎜⎜⎝

⎡
⎢⎢⎢⎣

220
85

230
245

⎤
⎥⎥⎥⎦−

⎡
⎢⎢⎢⎣

25
ε

20
25

⎤
⎥⎥⎥⎦

⎞
⎟⎟⎟⎠ = 195

Note that 85− (−∞) = +∞. If the cycle period
equals P = 600seconds, then the capacity occupation
rate is

C (abc) = μ (abc)
P

cdot100 [%] = 195
600
· 100 [%]

= 32.5 [%]

Figure 5b provides a graphical representation of the
compressed schedulew = abc. The colored blocks rep-
resent the train occupation of the infrastructure, with
one train movement depicted by the same color. Note

Fig. 6. Case study infrastructure with macroscopic (circles)
and microscopic (squares) timetable points.

that train a is added twice to determine the earliest pos-
sible departure of a train from the following period. The
red line represents the capacity occupation for sched-
ule w, C(w). The white space (between the x-axis and
red line) depicts unused capacity which might be used
to add extra trains.

5 CASE STUDY

In the case study we focus on two elements. First, we
show the applicability of each function within the mi-
croscopic model. Besides that, we demonstrate the de-
veloped timetabling framework with all functionalities
of the microscopic module applied to a real railway net-
work. We apply the macroscopic model from Bešinović
et al. (2016). However, any other macroscopic model
could be used (e.g., Sparing and Goverde, 2013).

We consider a real-life instance for train line ser-
vices on the 80-km long corridor Utrecht (Ut)–Den
Bosch (Ht)–Eindhoven (Ehv) (Figure 6), a highly
utilized part of the railway network in the central
Netherlands. The values present the number of tracks
in stations or junctions and lines between depict the
number of tracks between two timetable points. The
microscopic infrastructure includes various topology—
double, triple, and quadruple tracks. The microscopic
graph M for the considered corridor includes around
1,000 nodes and 1,500 microscopic arcs considering in-
frastructure details like location of signals, switches,
train detection points, the speed limits, slope gradients,
and curves. For running time computations, a detailed
train dynamics have been modeled. The network in-
cluded 13 microscopic timetable points such as stations,
stops, junctions, and bridges.

The original timetable on this network is periodic
with half an hour pattern composed of 20 train lines,
of which 12 are intercity (IC) and 8 are regional trains.
Train lines originate and terminate at different stations
along the corridor and have different stopping patterns.
Regional trains stop at all stations, while ICs stop at lim-
ited stations.

5.1 Functionality of the microscopic model

We start by computing the minimum running times
and the corresponding headway times, constructing the
macroscopic network and aggregating the process times
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Fig. 7. Train trajectories for minimum running time
(red solid line) and scheduled time supplements (blue dotted

line). The maximum speed of the train is 130 km/h.

(Algorithm 1). Solving the equations for running time is
performed over distance with computational accuracy
set to 10−5 m, while εabs = 1 second. The accuracy of
other models is 1 second. The average computation
(CPU) time for the minimum speed profile for one
train line was 1 second, while for the operational
speed profile was 4 seconds. Generating macroscopic
network resulted in seven macroscopic timetable points
(important stations and junctions) and six macroscopic
arcs. A total of 1,000 headway times was computed in
8 seconds. In the later iterations, a limited number of
headways are usually updated, so the CPU time then
is well under 1 second. The CPU times for conflict
detection for the whole network and capacity assess-
ment per corridor (or station) are on average 3 and 1
second, respectively. Finally, network transformations,
micro to macro and vice versa, take under 1 second as
well. For testing purposes, we applied a macroscopic
timetable model as in Bešinović et al. (2016) to generate
a macroTT. Once a macroTT is obtained, the micro-
scopic models evaluated its feasibility and stability.
First, a microTT is generated by identifying the opera-
tional train trajectories corresponding to the scheduled
running times (Algorithms, 2 and 3). The output of the
Algorithm 3 for one train line is illustrated in Figure
7 and depicts the distance-speed diagram for the local
train 6000 (blue dotted line) running over the corridor
Ht–Ut. Such a trajectory corresponds to the scheduled
running time where time supplements are exploited by
cruising at a speed lower than the time-optimal speed
profile, that is, computed for the minimum running time
(red solid line). The circles represent line-side signals,
the black solid line indicates gradients, and the black
dashed line is the static speed limit.

The newly produced blocking times are used in the
CDR model to detect possible conflicts between trains.
The corridor included 600 track sections. Figure 8 gives
the (partial) output of the blocking time computation

Fig. 8. Blocking time diagram the corridor Gdm–Ut.

Table 1
Capacity occupation at corridors

Corridor Time (s) Rate (%) No. of resources

Ut–Ht 1,892 52.6 110
Ht–Ut 1,924 53.4 104
Ehv–Ht 1,320 36.7 90
Ht–Ehv 1,372 38.1 91

for the different train services operating between Gdm
and Ut. The diagram shows only the infrastructure that
train 6000 uses, to clearly visualize actual conflicts be-
tween trains. The red box depicts a conflict of train ser-
vices 6000 and 3500 between Utrecht Lunetten (Utl)
and Ut. The minimum headway hdd

6000,3500,Ut between
these two trains originally was 150 seconds while the
maximum overlap of their conflicting blocking times
(three in total) is max(48, 38, 38) = 48 seconds. The
track conflict is therefore resolved by shifting the train
over an extent equal to the overlap. In this case, the min-
imum headway increases by 48 seconds, resulting in a
new headway time hdd

6000,3500,Ut = 198 seconds, so that the
blocking times are touching but not overlapping. This
new headway is sent to the macroscopic model together
with the other updated headways and running times, for
reproducing a new macroscopic timetable.

The capacity occupation for a given microTT is com-
puted by applying the max-plus automata method. The
capacity occupation for all corridors and stations is
given in Tables 1 and 2, respectively. In addition, the
last column in both tables shows the total number of
resources used by all routes, which defines the size of
matrix M (cf. Equation 5), and thus the complexity of
the computation. We describe here the capacity occu-
pation for station Ht, which consists of six station tracks
including four platform tracks. Fourteen trains operate
each 30 minutes through Ht, which use in total 69 differ-
ent infrastructure resources. Figure 9 shows the station
layout and the output of the capacity assessment. The
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Table 2
Capacity occupation at stations

Station Time (s) Rate (%) No. of resources

Btl 870 24.2 85
Ehv 930 25.8 37
Gdm 954 26.5 48
Ht 1,539 42.8 69
Htn 900 25.0 24
Ut 844 23.4 58
Vga 934 25.9 34
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Fig. 9. Station Den Bosch: (a) station layout and (b) capacity
occupation.

x-axis reports all the track detection sections belonging
to the station. Note that their sequence does not fol-
low a topological order. The y-axis denotes time, and
the blocks show for each track detection section when
they are used by a train service. The different colors
of the blocking times correspond to distinct train routes
through a station. In red we highlight the first train ser-
vice of the next timetable period. We found that the
capacity occupation time of station Ht is 1,539 seconds
(25.6 minutes) and the rate is 42.8% in a timetable pe-
riod of 60 minutes. This means that the timetable locally
contains 2,061 seconds (57.2%) of time allowances. By
comparing these values with those suggested by the UIC
406 Code, that is, a minimum of 50%, it is concluded
that Ht has an acceptable amount of time allowances,
and therefore satisfies the stability norms.

5.2 Testing the developed framework

To show the suitability of the microscopic models within
the developed framework, we used the macroscopic
timetabling model described in Bešinović et al. (2016).
We present the computational results and the computed
timetable, including the achieved values for the perfor-
mance measures, that is, feasibility and stability.

Table 3
Characteristics of the macroscopic timetable after each

iteration

Iteration No. of conflicting train pairs Overlap time (s)

1 6 160
2 4 130
3 3 98
4 5 110
5 3 65
6 1 8
7 0 0

Fig. 10. Time-distance diagram for corridor Ut-Ehv.

Table 3 presents the microscopic conflicts in the
macroscopic timetable at the end of each iteration. The
number of conflicting train pairs equals the number
of headways that has been updated at the microscopic
level. Overlap time is the sum over all maximum con-
flicts between two trains

∑
ct1t2a . In the first iteration,

there are six conflicts that add up to 160 seconds of
overlapping blocking times. In the second iteration,
only four conflicts remain with a total overlap time of
130 seconds. In the subsequent iterations, all conflicts
are resolved. It can be seen from the table that the ap-
proach can solve all conflicts successfully within several
iterations, gradually reducing the number and size of
total overlaps. However, resolving conflicts in one iter-
ation may produce some new conflicts in the following
iteration. But the algorithm converges to a timetable
which is completely feasible both macroscopically and
microscopically. The observed computation time for
obtaining the feasible and stable timetable was about
14 minutes, with on average 2 minutes per iteration.

Figure 10 shows a time–distance diagram of the com-
puted hourly timetable for the corridor Ut–Ehv. The
vertical axis shows time in minutes downwards. The hor-
izontal axis shows distance with the station positions
indicated. The blue lines are IC trains, the magenta
lines are local trains. Note that the sections Btl–Ehv
and Htn–Htnc have four tracks where trains may cross
each other. Figure 11 shows the corresponding block-
ing time diagram for the route of intercity train line
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Fig. 11. Blocking time diagram the corridor Ut–Ehv.

3500. Note that only the blocking times are shown for
the trains running on the same tracks as train line 3500.
The gaps in the blocking time stairways for some trains
correspond to running on parallel tracks in stations or
the four-track lines between Htn–Htnc and Btl–Ehv.
Around Ht also some blocking times are visible corre-
sponding to crossing trains from/to different corridors.

The optimized timetable shows periodic passenger
trains with regular 15-minute services of both IC and lo-
cal trains where two similar train lines follow the same
route. Hence, effectively 15-minute train services are re-
alized instead of two separate 30-minute train lines.

The blocking time diagram shows no overlapping
blocking times and hence asserts that the timetable is
conflict-free. Moreover, the timetable is robust which is
illustrated by the buffer times (white space) between the
train paths.

Finally, the obtained capacity occupation rates are
below the recommended stability values of 65% for
mixed traffic corridors in daily periods and 50% for sta-
tions defined by the UIC, which were the constraints
of the timetabling algorithms. Corridor Ut–Ht is the
heaviest used with the capacity occupation rate of
57.8%. Therefore, we may conclude that the produced
timetable is also stable.

6 PRACTICAL REFLECTION OF THE
DEVELOPED MICROSCOPIC MODEL

The developed framework has been evaluated by ex-
perts from the infrastructure managers Network Rail
(the United Kingdom) and Trafikverket (Sweden).
Here we give a summary regarding the functionality of
our microscopic model. The applied time precision of
one second is highly appreciated, as it leads to min-
imizing the unused capacity and unrealizable running
times. Also, its relevance is supported by the current
efforts in this direction in the United Kingdom. They
emphasized the ability of the model to compute highly
detailed running and blocking times taking into ac-
count all route details at the track section level (speed

restrictions, signaling, and gradients). The implemen-
tation of the new conflict detection and resolution al-
gorithms that accurately assess the timetable feasibility
gives valuable transparency to timetable planners. The
importance of capacity occupation and stability norms
was also stressed, but they also pointed out the need to
standardize and configure the norms to reflect local (na-
tional) capacity standards. The overall comment is that
“The implemented functionality to timetable planning
was reviewed as highly valuable and an advance on cur-
rent practice.” This is also confirmed by the infrastruc-
ture manager ProRail and main railway undertaking NS
from the Netherlands. The microscopic models are cur-
rently applied in a pilot project by ProRail and NS to
evaluate the Dutch timetables at the national network
level.

7 CONCLUSION

In this article, we have provided a methodology and
new microscopic models for supporting the timetable
design as well as the network and data transformations
to manage communications between microscopic and
macroscopic models. The main focus was on the mi-
croscopic models for computing reliable running and
minimum headway times for the macroscopic model,
as well as analyzing the feasibility and stability of the
macroscopic timetables at the microscopic level. Oper-
ational running times are calculated by integrating the
Newton’s motion formula and a fast bisection model
that introduces cruising phases at lower speeds to cover
the supplement times imposed by the timetable. Ac-
curate headway computation is based on the blocking
time theory. In this way, we could generate train pro-
cess times in short time, even for very dense railway
traffic. The timetable feasibility was checked by an ef-
ficient conflict detection model based on the blocking
time theory, which automatically recomputes new min-
imum headway times if a conflict arises. The capacity
assessment is realized by the new application of max-
plus automata following the compression method. Our
method allowed computing capacity occupation in sta-
tions as well as at corridors. If the capacity occupation
rate satisfies technical thresholds the timetable is con-
sidered as stable.

The microscopic models were also integrated in an in-
novative timetabling framework to develop timetables
that are operationally feasible and stable. The frame-
work is completely general and based on the iterative
interaction among macroscopic and microscopic mod-
els. Due to its modular development, the macroscopic
model can be any optimization model for timetable
computation.
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We applied the microscopic models at a real Dutch
railway network. Small computation times make us
confident that the models could also be used on more
complex instances, although no microscopic infras-
tructure data for other networks is available to us yet.
In practice, microscopic models could be interfaced
with existing timetabling tools to rapidly obtain good
quality timetables that are also conflict-free and able to
effectively absorb delays. We believe that presented mi-
croscopic models have a great potential for improving
real-life applications for railway planning.
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