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Abstract. Planners of maintenance intervals and operations have a strong need
for rapid development and assessment of comprehensive and reliable timetable
scenarios, which are able to satisfy the requirements of both, the train operating
company and the infrastructure operating company. To address these require-
ments, in this paper we present a use case that is based on the ‘track-choice and
line-rotation” extension of ‘PESP’, the commonly known model for the genera-
tion of periodic event schedules. We call the extended model ‘“TCFPESP’. This
model takes into account the event flexibility requirement of the ‘service inten-
tion” and makes use of a mesoscopic track infrastructure representation. Both
properties support an iterative timetable development process with a ‘progres-
sive feasibility assessment’, a feature that is requested in practice.

The ‘service intention” represents the functional timetable specification. The
specification is given by an integrated line concept consisting of a set of lines
with data defining their types, frequencies, stop sequence, rotation times and
connections. Our proposed model takes functional and operational timetable
specifications as input and is applied in an iterative way by changing technical
parameters in order to generate a timetable with a feasible capacity allocation.
Both, the service intention as well as the mesoscopic infrastructure representa-
tion can be configured in the line planning and timetabling system Viriato. This
system is widely used by public transport planners and operators. It is therefore
possible to configure our timetable model by a standard planning tool.

After the description of the methods developed, we provide a practical proof of
concept by testing the use case for different maintenance scenarios. Thereby we
can show that, based on the service intention planners are able to quickly devel-
op feasible timetable scenarios for maintenance intervals. The use case present-
ed in this paper refers to generating short-term timetable scenarios but can also
be used in long-term strategic planning.

Keywords: Periodic Event Scheduling Problem, Mesoscopic railway topology,
Service Intention, Timetabling with track assignment
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1 Introduction

1.1  State-of-the-art

In the operational management of railway networks, an important requirement is
the fast adaptation of timetable scenarios, in which operational disruptions or time
windows with temporary unavailability of infrastructure, for instance during mainte-
nance time windows, are taken into consideration. In those situations, easy and fast
reconfiguration and recalculation of timetable data is of central importance. This local
and temporal rescheduling results in shifted departure and arrival times and some-
times even in modified stop patterns at intermediate stations of train runs. We will
refer to this scheduling process as interval planning (IP). In order to generate reliable
timetabling results, it is a prerequisite that train-track assignments as well as opera-
tional and commercial dependencies are taken into consideration and that all these
aspects are not in conflict with each other. Hence, finding the right level of detail for
modelling track infrastructure and train dynamics is crucial for supporting the plan-
ning process in an optimal way. In recent years, this requirement motivated several
research groups to combine common timetabling procedures with constraints resulting
from mesoscopic infrastructure information. Some of the most important approaches
that are relevant to our work are discussed in the following.

The quality of all timetabling models is strongly dependent on an accurate estima-
tion of running, dwell and headway times given the microscopic infrastructure. Han-
sen and Pachl (2008) show how these times at critical route nodes and platform tracks
must be taken into account for train processing and present an in-depth timetable
quality analysis depending on these parameters. Schlechte et al. (2011) presented an
algorithmic approach to create a macroscopic infrastructure model from a given mi-
croscopic model.

The periodic event scheduling problem (PESP) is a powerful model for periodic
schedules introduced by Serafini and Ukovich (1989), which was first applied to train
scheduling by Schrijver and Steenbeck (1994). Extensive descriptions of different
mathematical modelling approaches, solution algorithms, complexity results and the
modelling power for railway timetables of PESP can be found in Caimi (2009), Lieb-
chen and Méhring (2007) and Peeters (2003). The use of a service intention (SI) (see
section 1.2) to describe the offered the train services and to parametrize the PESP
model was introduced by Wist et al. (2008) and investigated extensively by Caimi
(2009) and by Caimi et al. (2011a).

PESP models normally produce timetables on a macroscopic level without consid-
ering track and station capacities. Starting from this (macro) timetable the train time-
tabling problem (TTP) tries to determine the exact departure and arrival times of these
trains respecting the capacities. First results for TTP can be found in Caprara et al.
(2002). A broad overview for TTP is given by Schlechte (2012). Besinovi¢ et al.
(2016) presented a micro—macro framework based on an integrated iterative approach
for computing a microscopically conflict-free timetable that uses a macroscopic opti-



mization model with a post-processing robustness evaluation. Caimi et al. (2011b)
extend PESP by proposing the flexible periodic event scheduling problem (FPESP),
where intervals are generated instead of fixed event times. By applying FPESP, the
output does not define a final timetable but an input for finding a feasible timetable on
a microscopic level (Caimi (2009) and Caimi et al. (2011a)). De Fabris et al. (2014)
introduced a mesoscopic timetabling model which simplifies the representation of
station layouts to combine fast computation of macroscopic models with the accuracy
of microscopic models. In our modelling approach we also refer to a mesoscopic rep-
resentation of the infrastructure in order to assess operational feasibility of the timeta-
bling results.

1.2 Research goals

In this article we present solutions for two research goals: (i) We develop a method
for the timetable generation based on an innovative timetabling model ‘TCFPESP’
that considers mesoscopic infrastructure and the transport service intention (SI); (ii)
From the future SBB timetable planning process (see section 2.1) we derive a use case
for interval planning, which utilizes the method mentioned in (i) for timetable genera-
tion.

Next to the proposed model, the main contribution of this paper consists of a use
case including an iteration scheme for applying the timetable method with slightly
changing objectives for timetable generation. The necessary data structures can be
managed in a standard timetable editor. Finally, the use case is applied in a practical
case study.

Similar to Caimi et al. (2011b), our modelling approach for the timetable genera-
tion is also based on an extension of the periodic event scheduling problem (PESP)
and takes the Sl as input data structure. The SI was first described in Wust et al.
(2008), formally specified in Caimi (2009) and integrates commercial timetabling
requirements given by the respective line concept on the one side and technical con-
straints on the other. The ‘line concept’ represents functional timetabling require-
ments based on a set of lines with data defining their types, frequencies, train paths,
rotation and separation times and connections. In order to preserve acquired
knowledge about customer flows for the subsequent planning step, customer transfers
between lines at specific stations are also included in the SI. In accordance to de
Fabris et al. (2014), we call our level of abstraction of the available resources
‘mesoscopic topology’. Along with the functional requirements of the SI, this
mesoscopic infrastructure data model of a given scenario is entered via a standard
timetable editor (see, e.g., SMA Viriato (2018)). We demonstrate the detailed se-
quence of the planning actions that planners must execute in order to generate timeta-
ble results for different scenarios of maintenance intervals for the interval planning
(IP) use case.

1.3 Structure of this paper

This article is structured as follows: In section 2, we describe the methodology for
achieving the research goals mentioned in section 1.2. In section 2.1 (IP business
requirements) we provide a short description of the special business requirements of



interval planning, which are based on the future SBB process model for timetable
generation. Based on these requirements we propose in section 2.2 (Method for com-
puter aided interval planning) an IP use case for computer aided interval planning
which is based on the SI and the mesoscopic infrastructure. To validate the proposed
method, we present a network segmentation method in section 2.3 (Network segmen-
tation). We apply this method to isolate a partition of the SBB rail network for testing
the IP use case in a scenario of suitable size. In section 2.4 (Method for generating
traffic plan with flexibility in IP) we provide a detailed description of the IP use case
based on two iteration schemes. In section 2.5 (Generation of traffic plan based on a
standard planning tool ) we describe how data that is required as input in the proposed
use case can be handled in a standard planning tool like Viriato. In section 3 (Case
study ‘Kerenzerberg’) we present the results of applying the methods introduced in
section 2 as well as their interdependencies in a real-world test scenario. The section
contains a detailed description of the actions belonging to the proposed use case and
to the application of the proposed method. In section 4 we conclude with a summary
of the encouraging results of the presented case study. We consider them as a proof of
concept for our proposed use case. Finally, we provide a brief outlook on future work.

2 Methodology

One of the most important requirements for public transport services is its usabil-
ity compared with competing transport modes. Two factors have a significant impact
on the usability. The first one is the aspect of the regularity or periodicity of a timeta-
ble, which allows travellers for easily remembering departure and arrival times and
hence making travel planning much simpler, especially for regular travellers. The
second aspect deals with the integrated transport chain. The transport chain is charac-
terized by changing transport modes between local (de-)feeding lines like bus or
streetcar lines and high-performance train lines with higher speeds and capacities. Of
course, this includes the change between different line types (e.g. far distance line,
commuter line) or lines as well. Here the realization of short connection times is the
main objective. The set of relevant transport chains can be obtained by combining
origin-destination-demand matrices with potential line pools in the line planning pro-
cess step (see Figure 1, ‘line planning, line concept’, Schobel and Scholl (2006) and
Friedrich et al. (2017)). The integrated information regarding lines and transport
chains represents the intended transport service and is called service intention (SI).
Both are important usability aspects and can be realized technically by introducing a
countrywide integrated fixed interval timetable (IFIT) (see for example Herrigel
(2015) for an explanation of the fundamental idea), which synchronizes the service
schedules of almost all carriers. The integration of services of different TOCs requires
a highly iterative process of timetable generation. This process will be explained in
the following section.

2.1  IP business requirements

At the beginning of the collaboration project with our industry partner SBB-
Infrastructure, business analysts reviewed the planning process resulting in a descrip-



tion of the streamlined future timetable generation process, which is summarized in
Figure 1. In order to define business requirements for a timetabling method that al-
lows to achive the research goals (i) and (ii), described in section 1.2 we first describe
the aim of each step in the future timetable generation process. This is necessary,
because the timetable generation process is supposed to be executed in the context of
strategic global timetable generation (long term) as well as in the context of minor
local operational adaptations of an existing timetable (short and medium term). Such
an operational timetable adaptation is required in the context of IP. We concluded that
the definition of a suitable interface between line planning and timetabling is an im-
portant issue and a central part of the business requirements. With the iteration
schemes described in sections 2.4.1 and 2.4.2 we show that the Sl concept satisfies
the requirements for the interface between the line planning and timetabling process
step shown in Figure 1. In this section we will explain the process steps of Figure 1 in
more detail.

The desired transport service is based on requests from various stakeholders and is
consolidated by the TOCs. This functional description is represented by the SI. The
functional requirements represent scenarios of transport chains, which have been con-
solidated before. In the first set of process steps, the Sl is defined by the involved
TOCs and translated into a capacity requirement, mapped onto railway lines and sta-
tions. It can be visualized in terms of net graphs, line diagrams and passenger-flow
tables (see TOC ‘Passenger and Freight Assignment’ and ‘line planning, line concept’
in Figure 1). In the second set of process steps, the SI’s of the different TOCs and the
capacity requirements of the different train lines must be consolidated and checked
for operational feasibility. This is done by the integrating 10C. SBB calls these pro-
cess steps ‘traffic planning’ and ‘capacity planning’ (see Figure 1). The result of pro-
cess step ‘traffic planning’ corresponds to the consolidated SI. In the scope of this
paper we will call the consolidated Sl ‘commercial timetable’. The commercial time-
table is the basis for the communication of the timetable to the customer. Additional-
ly, the consolidated Sl requires a feasibility check based on the following process step
‘capacity planning’. The result of this process step is a validated version of the service
intention, which accounts for capacity constraints defined by track occupation, head-
way, transfer and line rotation time requirements. In addition, constraints resulting
from maintenance and construction requirements are accounted for. All these aspects
of capacity consumption are integrated in the capacity plan, which we will call ‘time-
table with event flexibility’.

This process model assumes a close cooperation between the different Train Op-
erating Companies (TOC) and the Infrastructure Operating Company (IOC), includ-
ing (to a certain degree) a barrier free data access for the 10C. This improved data
transparency is needed to insure a specified service level that holds also in case of IP
or operational disruptions.

As one can see in Figure 1, in cases of reduced capacity (compared to resource
conditions of the standard timetable), the 10C has the responsibility of providing the
best service quality possible. That means that in the use case of interval planning or
operational disruption, the IOC must have access to demand and service specific data
(managed by the TOCs) which determine the input for the process of generating a
consolidated SI.
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Figure 1. The SBB timetable planning process: overview and integration of line planning into
the timetable planning model. The grey arrows in the figure demonstrate that when going back
in the in the process chain, data referring to the operation of train lines and passenger demand
have to be shared by TOC and IOC. Further explanations are given in the text. Adaptation from
Howald et al. (2017)

Figure 1 also shows that the planning process is an iterative one, indicated by the
grey backward loop arrows. During this process iteration the level of detail of the
resulting plan is progressive because under conditions of long- and medium-term
timetable planning, knowledge and decisions regarding functional (commercial) and
non-functional (technical and operational) timetabling requirements are getting more
concrete. In case of reduced resource availability resulting from short term operation-
al disruptions or maintenance work, this may cause timetable conflicts that can only
be resolved by relaxing the functional timetabling requirements. Hence, the Sl has to
be adapted temporarily.

With the methods that will be presented in the following sections, we attempt to
operationalize the Sl based planning step (Figure 1: ‘traffic planning’) in terms of the



IP use case and the proposed method for computer aided interval planning based on
mesoscopic infrastructure and the transport service intention.

2.2 Method for computer aided interval planning

The generation and investigation of feasible event times for individual train runs
and corresponding resource allocations fitting into the structure of an IFIT is usually
done manually. For this reason, timetabling is considered a time consuming and chal-
lenging task even for experienced planners. On the other side, algorithmic approaches
for solving this task computationally require models based on microscopic infor-
mation about track capacity, like discussed, for instance in BeSinovi¢ et al. (2016) or,
in an intermediary step, by defining possible train routes as outlined in de Fabris et al.
(2014), from which headway constraints for trains can be derived. We present a ge-
neric approach for setting headway constraints and other operational dependencies
like turnaround times, and the service intention, which makes use of the mesoscopic
infrastructure. The corresponding data are implemented and managed in a standard
timetable planning system like Viriato (see, e.g., SMA (2018)).

221 Mesoscopic infrastructure model

To illustrate the level of detail of the respective infrastructure mapped onto a
mesoscopic topology we refer to an example of the SBB “Grobkonzept
Linienplanung” in Howald et al. (2017, see Figure 2a). The mesoscopic topology
consists of operation points linked by route-sections. At each operation point and
route-section there is a given number of tracks. Each location that provides an option
to change tracks is assigned to a new operation point. If there are customer services
assigned to an operation point, it is classified as ‘commercial’, otherwise it is classi-
fied as ‘operational’. In our topology model, we introduce graph nodes for both opera-
tion points and route-sections connecting two operation points. The capacity ‘C’ of
each node is defined by the number of enumerated tracks of the operation point (see
Figure 2b). The connectivity of the tracks at each node are additional node attributes
and can be configured in Viriato (see Figure 7). From this node topology we derive
our event activity network representing all potential track specific event dependencies
(see section 2.2.2).

Timetables that are mapped to mesoscopic infrastructure enable a much better fea-
sibility assessment of the result compared to considering only the macroscopic infra-
structure. On the other hand, the gap in the level of detail to microscopic infrastruc-
ture in terms of feasibility assessment can be reduced substantially, if the event times
that are assigned to mesoscopic topology nodes are within a certain range of flexibil-
ity (see Caimi (2009) and Caimi et al. (2011b)). We make use of the mesoscopic to-
pology together with the event flexibility according to the FPESP model, introduced
in section 2.2.3. This allows generating periodic timetables with a reasonably good
assessment of feasibility. The model generates results with flexibility to find a conflict
free resource allocation taking a micro-topological level of detail into consideration in
a subsequent planning step (Figure 1: ‘production control’) or if planning has to ac-
count for slightly different individual conditions, for example during the course of a
day or to consider the operational variability.
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Figure 2: a) Mesoscopic infrastructure example from the SBB “Grobkonzept Linienplanung” in
Howald et al. (2017). b). Extracted topology information: Each operation point, and each link-
ing track segment is mapped into a graph node, represented by a grey shaded box. The node
attribute ‘C’ indicates the track capacity of each node. Switches between node tracks allow for
changing tracks when moving from one node to the other.

222 Event activity network and periodic timetabling

The event-activity network (EAN) is the input for our timetable model. It is con-
structed based on mesoscopic infrastructure information and the SI.

The Sl is defined by a set of train runs. Each train run belongs to a line L and is
characterized by the sequence of sections that are traversed and a corresponding time
interval, which is required for either running or stopping on a corresponding track
section. Each time interval has a minimal and maximal value. Stop nodes typically
provide a service for boarding or de-boarding a train. Together, a pair of train runs
moving in opposite directions makes up a train circulation.

The mesoscopic infrastructure consisting of sections is summarized as a set | of
operation points. Operation points are largely tracks and stations but can also be other
critical resources as junctions (see example below). As mentioned before, each opera-
tion point i € I is associated to a capacity consisting of a set of tracks T;. A train run
l € L is described by a sequence of operation points of I.

Based on our mesoscopic model we algorithmically create an event-activity net-
work (E,A). The set E of events consists of an arrival event arr; and a departure
event dep;; for each train run [ € L and operation point i € [. The activities a € A are
directed arcs from E x E and describe the dependencies between the events. For
every train run we have arcs between arrival and departure events at the same opera-
tion points (dwell times or trip times) and arcs between departure and arrival events of
successive operation points (time needed for the travel between operation points).
Further arcs include connections between train runs, headways and turnaround opera-



tions (see section 3). Connections and turnaround information are given in the SI.
Headways are derived from the mesoscopic infrastructure and the train runs in the SI.
We refer to Liebchen and Mdéhring (2007) for a detailed overview of the modelling
options of dependencies. Figure 3 provides a sample of such an event-activity net-
work.

Station «L» Station «D»

'®@ @_,@ @_’\;@, trainrun 11 l Running times

\ v Dwell times

|
{ @ @@ JT‘ trainrun 21 Headway times
|

:@ @@ +:@‘ trainrun 12 Transition times

| .
v Turnaround times

|
)\
A@@ 18) @» trainrun 22 Connection times

Figure 3: Sample of an event-activity network, where arcs connect arrival and departure events.
Nodes belonging to grey shaded boxes indicate events at operation points (here Station «L» and
Station «D»). Other nodes indicate track type arrival and departure events. Arrow line styles
indicate different types of time dependencies.

Headway arcs a € Ay are especially important for explaining the timetable model
below. Headway arcs are used to model safety distances between trains running in the
same and in opposite directions (see example in Figure 3). For the sake of simplicity
we consider in the formal description of our timetable model in section 2.2.3 only
headways related to one operation point, i.e., we omit headways for train runs in op-
posite directions over several successive operation points. These headways can be
easily included in the event-activity network. They are included in our implementa-
tion of the timetable model.

The classical PESP model tries to determine a periodic schedule on the macro-
scopic level (i.e. without using the tracks at an operation point) within a period T.
Event e € E takes place at time m, € [0,T). The schedule is periodic with time period
T, hence each event is repeated periodically {..., 7, — T, m,,w, + T, w, + 2T, ... }.

The choices of the event times 7, depend on each other. The dependencies are de-
scribed by arcs a = (e, f) in A and modeled as constraints in PESP. The constraints
always concern the two events e and f and define the minimum and maximum peri-
odic time difference [, and u, between them. These bounds are given as parameters
in the PESP model. We therefore look for the event times m, for every e € E that
satisfy all constraints of the form

log < mp —7me + 0T <,
forall a = (e, f) € A, where p, is an integer variable that makes sure that these con-
straints are met in a periodic sense.
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223 Periodic Timetabling with Event Flexibility

In order to avoid tedious iterations between the process steps “microscopic capaci-
ty planning” and “mesoscopic capacity planning” in case of infeasibility of the micro-
level problem, one can improve the chance of finding a feasible solution by enlarging
the solution space in the micro-level. This approach has been described in detail in
Caimi et al. (2011b). We also implement this event flexibility model by (optionally)
adding some flexibility for the events of the EAN by introducing lower and upper
bounds to the event times of the arrival and departure nodes in Figure 4. The final
choice of the event times in the range between the lower and upper bound shall be
independent for each event such that each value of the end of an activity arc should be
reachable from each time value at beginning of that activity arc.

a o : b _ N
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S "\ 22057 > d; 0.5 "

Figure 4: Target oriented placement of time reserves (adapted from Caimi (2011b)): a) Time
frames [r,.,m, + &8.] in place of time points m, . By implementing this method, the normal
PESP constraints [, < my — 1, + poT < u, now becomes I, + 8. < 7y — e + paT < Ug —
Of (see section 2.2.4). b) In this EAN example this means that instead of planning time points
(ayr Ta,) Ta,) Ta,) We plan time frames [r, , m, + 0.5] for e € {a, d;, a,, d;}.

We are not forced to add this flexibility to all the events, but we can select the
nodes where we want to add it based on user defined rules, for instance only nodes
corresponding to events in a main station area with high traffic density, where it is
more difficult to schedule trains on the microscopic level. In general, one can say that
this placement of flexibility is the timetable configuration feature that has the highest
impact on improving operational stability. For our proposed timetabling model, we
integrate an extended PESP model (based on mesoscopic infrastructure, see section
2.2.4) with the “flexible PESP” (FPESP) model in order to generate timetables with
event slots on a mesoscopic level. For more details regarding the FPESP model, we
refer to the article of Caimi et al. (2011b).

224 Track-choice PESP model with event flexibility.

In order to satisfy the practical requirement for assessing the feasibility of a time-
table scenario in terms of available track capacity, we extend the classical PESP resp.
FPESP model by using the number of tracks T; at each operation point i € 1. We will
refer to this extended model as the track-choice FPESP model (TCFPESP). It assigns
the arrival event arr; and the departure event dep,; of train run | at operation point i
uniquely to a track in T;. We can use these assignments to switch on headway arcs
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a € Ay by using a big-M-approach.

In addition to the variables = and p from the PESP model we need:

(i) Binary variables tc,, (track choice) for each event e € E and track t €
T (), Where operation point i(e) is associated to event e, i.e. e is equal to
arry; or depy; for a train run [.

(i) Binary variables h, for every headway edge a = (e, f) € Ay. Headway
edges are always between events at the same operation point, therefore
Ti(e) = Ti(f) holds.

(iii) Positive variables &, for each event e € E to model the event flexibility.

The TCFPESP model is then defined by:

TCFPESP model: min f (7, p, §)
s.t. ly+08, < mp —Te+ paT <u,—8;, Va=(ef)€EA\Ay (1)

lg+ 68— (1 —ho)M <mp —m, +p,T V a=(ef)€E Ay, )
<ug— 8 + (1 — ho)M,

Yt eTye teet = 1, V e €E, 3)
tCarryt = tCaepyts VIeLielteT, 4)
hg = tce + tep —1, Va=(ef)EAytET) (5)
tCop hg € {0,1},m, € [0,T),p, € Z,8, = 0, Ve€ Ete Ty, a€A4,

where M is a big enough natural number.

In (1) the normal FPESP constraints are summarized (without headway arcs). (2)
defines the headway constraints, which can be switched off with a big-M technique.
The assignment of the events to the tracks is done in (3). (4) is used to assign the cor-
responding arrival and departure events to the same track. In (5) the headway variable
is set to 1, if the events take place on the same track, i.e. the headway is required at
this operation point.

There are many different objective functions f (m, p, §) described in literature (see
Liebchen and Mé&hring (2007) for the general PESP model and Caimi et al. (2011b)
for the FPESP model). In our test case below we use two objective functions.

Objective Functions:

*  MINTRAVEL: We minimize all passenger relevant times (i.e. t € Ay the set
of trip arcs, d € Apthe set of dwell arcs and ¢ € A, the set of connections
times). The weights w,,w; and w, can be used for prioritizing certain times,
e.g. connection times. The objective function f; is defined as
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frp(m) = z wA, + z wyl, + z wA,, ©

teAT d€Ap CcEAc

where A, = my —m, for an arc a = (e, f) holds. According to Caimi et al.

(2011b) we will call the TCFPESP model with this objective function
MINTRAVEL.

 CONTRAVEL: We maximize the flexibility in a given range at certain arrival
and departure events. The objective function f,, is defined as

fflex(a) = Z We 66' (7)

eev
where V € E is the set of all events where flexibility is introduced. Further-

more, we add two constraints. The passenger travel time has to be smaller than
(1 + €) times the best possible travel time from the model MINTRAVEL. The
flexibility for all events is bounded by a maximal flexibility &,,,, for a better
distribution of the flexibility to all events. The two constraints are given by

frr(@) < (A +€)frr and 6, < Smax V € € E, (8)

where f77 is the optimal value found for fr in the MINTRAVEL model. We
will call the TCFPESP model with the objective function in (1) and the addi-
tional constraints in (3) CONTRAVEL according to Caimi et al. (2011b). e is a
parameter controlling the quality of the schedule for the passengers’ travel
times and the weights w, can be used for individual adjustments in event flexi-
bility to maximize timetable robustness.

Both models MINTRAVEL and CONTRAVEL are mixed integer linear prob-
lems. In this paper all the weights in the objective functions of MINTRAVEL and
CONTRAVEL are set to 1. In this way the event flexibility is distributed uniformly
for all events. In Wust et al. (2019) the authors demonstrate that if the delay sensitivi-
ty and delay impact of each timetable event are evaluated iteratively, these weights
can be adjusted in a suitable way to improve the overall timetable robustness. We
provide further details about the implementation and the size of these models in sec-
tion 3. The TCPESP variant of the model (i.e. without event flexibility) has been pre-
sented recently in Wust et al. (2018).

2.3 Network segmentation

In order to avoid putting too much effort into entering information that is not
needed and rather focus on the relevant perimeter for the IP timetabling scenario, one
has to identify which part of the entire railway network has to be accounted for. The
relevant lines and services operating on the subnetwork, which will be affected by the
construction or maintenance sites, have to be identified in a first step. In a second
step, those lines, which are coupled (e.g. by transfers or technical dependencies) to
these affected lines have to be found.
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In the second step, one has to identify the sub-network nodes which isolate the
relevant infrastructure segments from the irrelevant periphery. In this way one obtains
a disaggregated subnetwork containing the relevant infrastructure segments and an
aggregated subnetwork, representing infrastructure on the macroscopic level (see
dashed square area on the top of Figure 5a). The disaggregated subnetwork is config-
ured with all mesoscopic details. On this disaggregated subnetwork all train move-
ments are planned in detail for every single IP-scenario. For each line coming from or
going beyond the boundary nodes of the disaggregated subnetwork we create a virtual
end station node which is connected by a single section to the corresponding bounda-
ry node. The section lengths with the appropriate trip times, the turnaround times of
the line outside the disaggregated subnetwork together with the run- and dwell times
within the disaggregated subnetwork have to sum up to the proper roundtrip time.
This segmentation of disaggregated subnetwork and aggregated subnetwork into a
new mesoscopic infrastructure model is illustrated in Figure 5b.
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Figure 5: a) Example of mesoscopic and macroscopic topology from Howald et al. (2017). In
order to divide the relevant infrastructure for the IP timetabling scenario into a segment with
the relevant level of detail and a peripheral part with more coarse information, the railway
network is partitioned into subnetworks with different topology levels. A disaggregated sub-
network containing the relevant infrastructure segments on mesoscopic level and an aggregated
subnetwork, representing infrastructure on the macroscopic level. b) The figure illustrates the
disaggregated subnetwork representation in our model which can be configured with detailed
mesoscopic information.

2.4  Method for generating a timetable with event flexibility

In the IP use case a timetable with event flexibility, including track assignment, is
generated, if possible. In this section we will describe the implementation and the
software used in detail. First, we describe the actions of the IP use case from the point
of view of a planner (see Figure 6):

1. In the first step, the planner has to enter Sl data into the planning system
(Viriato).

2. After the scenario configuration in Viriato, a Viriato-database extract is used
to add additional Sl data (not implemented in Viriato) like transfer times be-
tween lines, turnaround times and time dependencies which implement e.g.
service frequencies. These additional data are entered to a data mask of the
ZHAW planning tool (in-house development based on the ‘R’-development
software, R (2019)).

3. The planner initiates the timetable calculation with the TCFPESP model for
the IP-use case by selecting the appropriate objective function and parame-
ters according to the iteration schemes of sections 2.4.1 and 2.4.2 below. In
the ZHAW planning tool, this induces the building of the EAN and the data
import to the Algebraic Modeling System GAMS (2018). The TCFPESP
model is implemented in GAMS. GAMS attempts to automatically calculate
a solution based on the chosen model with a MIP solver (we use CPLEX
12.6.3).

A feasible solution is then returned to Viriato. If no feasible solution can be
generated, the planner has to review and eventually relax the Sl. This may
lead to a backward loop to ‘line planning, line concept’ in Figure 1.
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Figure 6: Sequence diagram and system functions of actions during the use case IP. The se-
quence diagram shows the tasks and functions of the involved planner and system components.
Next to the planner there are several system components involved. Viriato (see SMA (2018)) is
used as timetable data editor. The planning tool ZHAW implements all timetable data prepara-
tion functions not included in Viriato. The main actions within this use case are executed ac-
cording to the explanation in the text and the iteration schemes described in section 2.4.1. The
TCFPESP-model is solved in GAMS. For GAMS see GAMS (2018)

In the following two sections, we describe the methods for the construction of a
timetable with event flexibility under normal (unrestricted) operational conditions and
under restricted conditions due to maintenance.

241 Construction of a timetable with event flexibility for periods with normal

operations

The heuristic iteration scheme 1 is the standard iteration scheme for applying
TCFPESP (see section 2.2.4) under normal operations. If we are able to compute a
timetable with iteration scheme 1, we refer to it as reference timetable. If the availa-
bility of the involved resources during interval planning is restricted compared to the
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reference timetable, a new (temporary) interval timetable must be generated with the
help of the heuristic iteration scheme 2 in section 2.4.2, below.

Aim: Try to generate a feasible reference timetable with event flexibility.
Input:
e Sl-data (Line data, line transfers, time dependencies, track infrastructure, roll-
ing stock, train properties, etc.)
e Maximal size of flexibility &,,4, for all arrival and departure nodes (available
for planning on the micro-level or for stability reasons)
» Parameter ¢ for controlling maximal deviations of optimal passenger travel
times
*  Bound on rolling stock per line
(at the beginning the sizes of the event flexibility 6,4, and parameter e are set to
default values and adapted during the iteration in order to achieve the feasibility or
improve the stability of the timetable scenario)

Iteration scheme 1

1.  Solve the model MINTRAVEL. We get a timetable with best possible travel
times frr. If the model MINTRAVEL is not feasible adjust SI and go to step
1.

2. Compare the necessary amount of rolling stock per line for the timetable
from the MINTRAVEL model with the given bound on rolling stock. If one
line needs too much rolling stock, adjust SI and go to step 1.

3. Solve the model CONTRAVEL, allow passenger travel times to be maximal
(1+ €)frr. We get a timetable with (maximal) event flexibility.

4. Compare the necessary amount of rolling stock per line for the timetable
from the CONTRAVEL model with the given bound on rolling stock. If one
line needs too much rolling stock, reduce e by multiplying € with a positive
factor smaller than 1 and go step 3.

5. Release timetable with event flexibility as reference timetable.

Iteration scheme 1 is clearly a heuristic scheme. The adjustment of the Sl in step 1
and step 2 corresponds to the backward loop from ‘capacity planning’ to ‘line plan-
ning, line concept’ in Figure 1. This loop is not part of this paper but of ongoing re-
search. A description of the state of the work on this loop can be found in Wist et al.
(2018a and 2018b) and Butikofer et al. (2019).

The computed event flexibility in the reference timetable can be tested with respect to
stability or feasibility on the micro level. If the flexibility is not satisfying, we may
loop the CONTRAVEL model and adjust the weights w, in the objective function
friex- This loop is also not part of this paper, but it is described in detail in Wiist et al.
(2018b and 2019).

In step 2 and 4 we control the necessary amount of rolling stock. This is possible
since we are including turnaround activities in our EAN according to Liebchen and
Méhring (2007) (see section 3.3).
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242 Construction of a commercial timetable for periods with maintenance intervals

In this section we want to demonstrate how to adapt the iteration scheme 1 in or-
der to generate a feasible timetable with event flexibility for maintenance intervals.
During the respective maintenance interval, the scheduled trains in the temporary
timetable should be as close to those in the reference timetable that it is possible to
communicate only one ‘commercial’ timetable to the customers. This is positive from
a customer perspective, but also from an operator’s perspective since restoring the
reference timetable after the maintenance interval has finished is easier in this case. In
addition, the free capacity in the network can be used for additional services (e.g.
freight trains) during the whole planning horizon.

Aim: Try to generate a commercial timetable with event flexibility feasible for no,

one or several (n) construction intervals (i.e. feasible for all scenarios with re-

source restrictions).

Input: (see iteration scheme 1) In addition:

 Infrastructure restrictions for all n maintenance intervals

« Maximal time tolerance between event times of timetables with event flexibil-
ity of the single maintenance intervals. These event flexibility values represent
the commercially tolerable variation of departure and arrival times during the
planning horizon in contrast to operational event flexibility, which facilitates
timetable feasibility at the microscopic level.

Iteration scheme 2

1. Start with a first construction interval: Compute a timetable with event flexi-
bility for this construction interval with the help iteration scheme 1.

2. For each line take the passing times at the station nodes of the disaggregated
network (see section 2.3) and add them to the SI with the expected tolerance
time from the input. The remaining construction intervals will be computed
with this adapted SI.

3. Compute the timetable with event flexibility for all construction intervals with
the adaptations of the SI from step 2 and with the help iteration scheme 1.

4. Release timetables with event flexibility as interval timetables.

Iteration scheme 2 is again a heuristic scheme. As in iteration scheme 1, potential
backward loops are not part of this paper (see comments in section 2.4.1).

In our case study (see section 3) we construct a timetable with event flexibility for
each construction interval in the given timetable period. In practice, at every station
and for every line the earliest departure and the latest arrival (with respect to all con-
struction intervals) should be communicated as ‘commercial’ timetable to the custom-
ers.

2.5  Generation of timetables based on a standard planning tool

One of the main goals of the applied research project with SBB was to make the
algorithmic timetable generation based on the proposed TCFPESP-method available
to practitioners. Therefore, the generic configuration of any timetabling scenario
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should be possible, using a standard timetabling system such as “Viriato”, which is in
use at SBB for service planning (see Viriato Info Folder, 2018). All kinds of relevant
timetabling information like line and infrastructure data attributes can be entered easi-
ly in the appropriate masks (e.g. track connectivity data such as route exclusions be-
tween section and station tracks). See the Viriato mask in Figure 7 for an example of
the track configuration of an operation point and its neighbouring sections. For more
detailed information we refer to the Viriato User Manual (Viriato, 2016).

Datei Bearbeiten Ansichten Fabwpline Zlge Kalender Infrastruktur Reisezettanalyse Fahrzeuge Extras 7

fspeichern
Einsteflungen fir Topologie
Referenzitracks Empfangigebaude
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unten
Legende
[l Gieiches Streckengles Kreuzende Fahrstraden
Gleiches Bahnhofsgleis [l Konfiikt

©

Str-Gleis ¥

Figure 7: Viriato editor mask for entering timetabling configuration data attributes. The mask
shows an example of track connectivity on one side of an operation point. Connectivity of
station tracks and neighbouring section tracks as well as potential conflicts can be entered and
configured using appropriate data masks.

3 Case study ‘Kerenzerberg’

The selection of a scenario, suitable for testing the IP use case and our proposed
timetabling tool was done based on proposals from practitioners. The corridor of ‘Ke-
renzerberg’ (see Figure 8) is well suited for a case study because it concerns important
lines of the SBB network. On the other hand, the double-track corridor is separated
from the rest of the network by two major stations at each side. The double-track
section contains several stop stations and one single-track section close to one side of
the corridor. This is the reference scenario and will be described in section 3.4. In one
IP-scenario the maintenance interval concerns an extension of this single-track sec-
tion. In a second IP-scenario the maintenance interval concerns a section at the oppo-
site side of the corridor. The handling of these IP-scenarios will be described in sec-
tion 3.5.

We start with the description of mesoscopic infrastructure and Sl on our test sec-
tor. According to the IP business requirements (see section 2.1), the Sl is the result of
the planning steps ‘line planning, line concept’ and ‘traffic planning’ (see Figure 1 in
2.1 for details) and is maintained in Viriato and the ZHAW planning tool. For the
purpose of our case study, we adapted the existing Sl for the timetable of 2018 in such
a way that we are able to proof that we can handle the basic IP requirements with the
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proposed IP use case and the iteration schemes 1 and 2 for computer aided timetable
generation.

3.1  Description of the infrastructure

The infrastructure between Ziegelbriicke and Sargans under normal operations is
summarized in the following table. The infrastructure table is maintained in Viriato
(see section 2).

Station/
[Track ID

Ziegelbricke (ZGB)
ZGB-WN

Weesen (WN)
WN-MH
Mihlehor (MH)
MH-TIEF
[Tiefenwinkel (TIE)
ITIE-MG

Murg (MG)
MG-UNT
Unterterzen (UNT)
UNT-MOL

Mols (MOL)
MOL-WAL
\Walenstadt (WAL)
WAL-FMS

Flums (FMS)
FMS-MEL

Mels (MEL)
MEL-SA

Sargans (SA)

Number of

N
N
N
N
N
N
[N
N
N
N
N
N
N
N
N
w
N
N
N
N
N
I

tracks

Minimum
travel time 1.7 2.8 13 1 1.9 1 1.6 1.8 3.3 1.5
(Tracks)

Table 1: Infrastructure data of the sector ZGB-SA. ‘Number of tracks’ indicates the number
of tracks at stations (station name abbreviations in brackets) and in sections between stations
(pair of neighbouring station abbreviations). ‘Minimum trip time’ indicates the maximum of the
train and track specific technical trip times between station coordinates in minutes.

In the first row, we describe the stations (e.g. ZGB) and tracks (e.g. ZGB-MH).
We see in Table 1 that there are always at least two tracks available, except between
Tiefenwinkel and Mihlehorn, where only one track is available. Minimum trip times
are derived from technical restrictions of the tracks.

3.2 Network Segmentation

In order to generate a traffic plan with capacity time bands, we have to segment
the railway network into the relevant perimeter as explained in section 2.4. The Sl in
the next section is also adapted to the segmented network. We illustrate the network
related to our case study ‘Kerenzerberg’ in Figure 8.
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Figure 8: Network of the case study Kerenzerberg. A disaggregated subnetwork containing the
relevant infrastructure segments at mesoscopic level and an aggregated subnetwork, represent-
ing simplified infrastructure on the macroscopic level.

As the planned construction or maintenance work for our test scenario is located
on the network section between Tiefenwinkel and Mels, we decided to use the corri-
dor Ziegelbriicke-Sargans as the disaggregated partition of the test network, where we
will generate a detailed timetable (see section 2.4). The western part of Ziegelbriicke
is aggregated, i.e. we introduced the nodes Uznach, Zirich, Glarus and a siding of
Ziegelbriicke and connecting tracks. The aggregated network will be used to maintain
vehicle circulation (e.g. turnarounds) aspects of lines and to model connections to
tangent lines (see the description of Sl in the next section). The eastern part of Sar-
gans is also aggregated. We introduced the nodes St.Gallen, Feldkirch, Chur and a
siding of Sargans. In the aggregated network we assume to have enough track capaci-
ty. Ziegelbriicke and Sargans can be considered as local hubs and represent the
boundary nodes of the disaggregated network partition (see section 2.3). At these
stations the timetable has to account for passenger transfers between lines. Technical-
ly spoken, these transfer requirements result in connections constraints in our
TCFPESP-model.

3.3  Description of Service Intention

In section 2 we explained that the Sl is our main data structure and is maintained
in Viriato and the ZHAW planning tool. The SI contains all the information needed to
configure the EAN and the TCFPESP model (see sections 2.2.2 and 2.2.3). We start
with the lines considered. As mentioned before, our Sl-lines represent an adaption of
the lines in the corresponding timetable 2018. To demonstrate the turnaround opera-
tions, we decided that the line S4 makes a turnaround in a siding next to Ziegelbriicke
and Sargans, respectively.
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Table 2: Lines in the case study Kerenzerberg.

In Table 2 we summarized the upper and lower bound for dwell at every station
([Dio, D) and trip time for every track ([TTiw, TT"P]). The routing can be derived
from the entries in the table. A line visits all the stations and tracks from top to bottom

and vice versa, where an upper and lower bound is given. Stations and tracks, which
are not on the routing of a line, have no entry in corresponding field. In the first and

the last station the lines perform a turnaround in the given interval ([TU,, TU"P]).
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The minimum dwell Dy, and the minimum trip time TT, impose technical lower
bounds. To compute the upper bounds D" and TT"P, we multiplied the lower bounds
with 1.5. This reserve will be used to derive flexible plans with the TCFPESP model.

The turnaround times are computed according to the approach of Liebchen and
Méhring (2007). The turnaround intervals are computed in such a way that a service
with a minimal number of rolling stock is possible. In our case study, line S4 is oper-
ating with one rolling stock. The other lines operate with more than one rolling stock
due to longer round-trip times. These bounds are not computed according to Liebchen
and Méhring (2007), they are set manually. These lines can cross themselves in oppo-
site directions (as it is in the real-world timetable). While the line information in Ta-
ble 2 is mainly maintained in Viriato, the turnaround and connection times (see Table
3) are entered in the planning tool ZHAW.

The Sl contains the following connections between the given lines:

Connection

[Cioy C*°]
From/To

at station

sS4 (ZGB-SA)
IC 3 (ZGB-SA)
IC 3 (SA-ZGB)
RE1 (ZGB-SA)
RE 1 (SA-ZGB)
R (ZGB-SA)
RJ (SA-ZGB)
RE 2 (CH-SG)
512 (SA-CH)
$ 25 (GL-ZUE)
S 25 (ZUE-GL)
S 2 (ZGB-ZUE)

S4
(ZGB-SA)

N
i)
=
u

[1,15]

£E
£E
N
[9)
@

s4 [1,15]
(SA-ZGB) ZGB

Ic3 [1,15]  [1,15]
(SA-ZGB) SA SA

RE 1 [1,15] [1,15]
(ZGB-SA) SA SA

RE 1 [1,15]
(SA-ZGB) SA

RE 2 [1,15] [1,15]
(CH-SG) SA SA

RE 2 [1,15] [1,15] [1,15]
(SG-CH) SA SA SA

S6 [1,15]
(GL- UZ) ZGB

S6 [1,15]
(UZ-GL) ZGB

512 [1,15] [1,15] [1,15] [1,15]
(CH-SA) SA SA SA SA

S$25 [1,15]
(ZUE-GL) ZGB

S2 [1,15] [1,15]
(ZUE-ZGB)  ZGB ZGB

Table 3: Connections in the case study Kerenzerberg

In Table 3 we find the implemented connections. The connections belong to the Sl
and are part of the output of the planning step ‘line planning, line concept’. The con-
nections should take place in the time interval [Ci,,C"P] from the line in the first col-
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umn to line in the corresponding column, e.g. there should be a connection from the
line IC 3 (direction SA-ZGB) to line RE 1 (direction SA-ZGB) in Sargans with a
minimum and maximum time of 1 and 15 minutes, respectively. The connection Ta-
ble 3 is maintained in the ZHAW planning tool.

Furthermore, the Sl contains:

« A time separation of the lines S4 (ZGB-SA) and RE 1 (ZGB-SA) of [20, 40]
minutes in Ziegelbriicke. This should guarantee a frequent service for passen-
gers travelling from Ziegelbriicke to Sargans.

e Trip time restrictions for the lines S4, IC 3, RE 1 and RJ between Sargans and
Ziegelbriicke, i.e. trip times should be between 17 and 21 minutes for the IC 3,
RE 1 and RJ. Line S4 is restricted to be between 20 and 29 minutes.

The time separation and the trip time restrictions are part of the output of the line
planning step.

3.4 Construction of a timetable with event flexibility for periods with normal
operations at Kerenzerberg

The models MINTRAVEL and CONTRAVEL are implemented in the algebraic
modeling system GAMS (24.7.4). We use CPLEX (12.6.3) to solve these two MIP’s.
The stopping criterion of CPLEX was set to a relative gap (between the value of the
actual best objective function and the lower bound value (MINTRAVEL) resp. upper
bound value (CONTRAVEL)) of 10%. In case of the MINTRAVEL objective func-
tion we set an absolute gap of 15 minutes in addition since the objective values can be
close to 0. The computations were performed on Dell Latitude E6430 with an Intel
2.4 GHz quad core processor with 8 GB RAM.

In the case study Kerenzerberg we use the Sl described in section 3.3. We have set
the maximal flexibility &,,,, to 10 seconds and parameter € to 0.5. These values are
based on experience of planning experts. The line S4 requires one rolling stock unit.

In step 1 of iteration scheme 1 the MINTRAVEL model results in a MIP with
23072 constraints and total 25629 variables (11401 integers). We could solve the
MINTRAVEL model within 1272 seconds. The rolling stock of line S4 is 1. The
CONTRAVEL model in step 3 results in a MIP with the same size as the
MINTRAVEL model. We could solve the CONTRAVEL model within 1075 sec-
onds. The rolling stock of line S4 is again 1. In total we have to solve the models
MINTRAVEL and CONTRAVEL only one time. A reduction of € in step 4 or an
adjustment of Sl in step 1 and 2 was not necessary.

We get the following reference timetable with event flexibility and resulting track
allocations at the end of iteration scheme 1.
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Figure 9: Reference timetable with event flexibility (a) and track assignment diagram (b) under
normal operations. The track assignment diagram indicates which infrastructure element (enu-
merated track) is assigned to which train line during what time interval. Further explanations

are given in the text.
Figure 9 illustrates the resulting reference timetable with the corresponding track

allocation. As one can see, the Sl is satisfied in general. Especially we can see that

» line S4 operates with one rolling stock as requested.
the service of S4 and RE 1 is separated in Ziegelbriicke to guarantee smooth

services to Sargans.
the track choice method TCFPESP is able to generate a feasible track alloca-

tion on the mesoscopic infrastructure.
In Figure 9 one should note the fact that this reference timetable has crossings be-

tween Flums and Mels. It will not be feasible for the considered construction intervals

in the next section 3.5.

Construction of a commercial timetable for periods with maintenance
intervals at Kerenzerberg

In this section we want to demonstrate the application iteration scheme 2 from
section 2.4.2. We consider two construction sites. The construction sites are between
Tiefenwinkel and Unterterzen (construction site 1) resp. Flums and Mels (construc-
tion site 2). The construction intervals take place during our planning horizon but in
different time windows. Only one track is available during the construction intervals
on the affected corridors.

The computer infrastructure, software and parameters of iterations scheme 1 are
the same as in section 3.4. Furthermore, we assume a maximal time tolerance of 6

minutes between the computed interval timetables (see section 2.4.2).

35
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In step 1 of iteration scheme 2 we started with construction interval 2 between
Flums and Mels, since the single-track section is shorter than the one in construction
interval 1 (see Figure 10). We could generate an interval timetable for construction
site 2 without a reduction of € or an adjustment of Sl. In total we have to solve the
models MINTRAVEL and CONTRAVEL only one time. The MINTRAVEL and the
CONTRAVEL model results in a MIP with 23072 constraints and total 25581 varia-
bles (11353 integers). We could solve the MINTRAVEL resp. CONTRAVEL model
within 1564 seconds resp. 1378 seconds. The models are little bit smaller in compari-
son to section 3.4 due to the reduced number of tracks during construction interval 2.

In step 2 of iteration scheme 2 we took the passing times from all lines in every
station between Ziegelbriicke and Sargans from the interval timetable for construction
site 2 and add them to the SI with the maximal tolerance of 6 minutes. For the con-
struction interval 1 we allow therefore the lines to pass +/- 3 minutes with respect to
passing times from construction interval 2.

In step 3 of iteration scheme 2 we compute a timetable for construction interval 1
with the adapted SI from step 2. We could generate an interval timetable for construc-
tion site 1 without a reduction of € or an adjustment of Sl. In total we have to solve
the models MINTRAVEL and CONTRAVEL only one time. The MINTRAVEL and
the CONTRAVEL model results in a MIP with 23072 constraints and total 25586
variables (11385 integers). We could solve the MINTRAVEL resp. CONTRAVEL
model within 19 seconds resp. 13 seconds. The faster running times are due to the
adapted Sl from step 2 (resp. the fixed passing times with a tolerance of +/- 3
minutes).
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Figure 10: a) Timetable with event flexibility for construction interval 1, b) Timetable with
event flexibility for construction interval 2. Both timetable scenarios (coloured lines are con-
struction interval specific) are consolidated within one commercial Timetable (the grey bands
contain the coloured lines). They are identical for both scenarios.

In step 4 of iteration scheme 2 we could release the interval timetables for con-
struction site 1 and 2 and convert it into a ‘commercial timetable’.
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In Figure 10 we see the interval timetables with event flexibility for both construc-
tion intervals. Due to iteration scheme 2 the timetables for the lines are at the lower or
the upper boundary of the grey band. The grey band corresponds to the ‘commercial’
timetable. The timetable for construction interval 1 (Figure 10a) is not feasible for
construction interval 2 (Figure 10b) and vice versa, e.g. line RJ and line S4 have a
crossing between Flums and Mels during construction interval 1. It is worth mention-
ing that the order of line RJ and line RE1 from Ziegelbriicke to Sargans changes from
construction interval 1 to 2.

a b

Figure 11: a) “‘Commercial timetable’, with boundaries of the grey time bands indicating earli-
est departure and latest arrival times b) Event flexibility of line S4 illustrated in blue color for
the train slot between Unterterzen and Walenstadt. This example corresponds to the zoomed in
area marked by the stipulated rectangle in a)

Figure 11a shows the ‘commercial timetable” for the entire planning horizon cov-
ering both construction intervals. The departure times correspond to the lower bound-
ary of the grey band and the arrival times to the upper boundary. During the planning
horizon, we therefore always find a feasible timetable for all construction intervals.
On the right (b) we see a detailed view of the timetable of the line S4 between Unter-
terzen and Walenstadt. The blue bands represent the event flexibility, e.g. during con-
struction interval 1 we have around 10 seconds flexibility for the arrival and the de-
parture in Mels.

Applying the iteration scheme 2 of section 2.4.2, we were thus able to generate
one single commercial timetable with two similar but different capacity plans (‘time-
tables with event flexibility”), which satisfies the SI during the entire planning hori-
zon. That means that in practice the railway operator would have to communicate the
commercial timetable to the passengers only once.

Hence, with the case study ‘Kerenzerberg’ showed that based on the Sl and our
TCFPESP-model, we were able to integrate operational stability (generating two dif-
ferent capacity plans) and passenger travel time aspects (finding one single commer-
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cial timetable with robust travel times as all transfers are guaranteed) in the proposed
interval planning use case.

4 Discussion and outlook

41 Summary

We introduced and successfully applied the new timetabling model TCFPESP,
which can be used to support timetable planners for generating train and vehicle
schedules with track assignment. This model is based on an extension of the well-
known FPESP model and can be configured by using a standard schedule editor.

The use case and the TCFPESP model that we describe in section 2 are tested in a
small-scale test and a real-world case study for IP in section 3. The generation of the
commercial timetable is achieved by an iterative execution of the IP use case for find-
ing timetables with event flexibility for two different maintenance planning scenarios.
We show how the concept of Sl can be used to develop a customer timetable, which is
valid during the complete timetable period. At the same time, it is now possible that
two different construction or maintenance intervals with different locations can be
planned during one single timetable period. This is of considerable practical rele-
vance, especially with regard to the increasing number of intervals to be planned and
executed under conditions of continued production of railway services.

4.2  Outlook and future research

If timetabling requirements turn out to be infeasible to be solved by TCFPESP,
because, e.g., the given Sl is not realizable on the respective railway infrastructure (a
typical situation during construction intervals), this situation must be solved by a re-
laxation of the SI. This is indicated by the grey backward arrows in the planning pro-
cess of the IP business requirements in section 2.1, showing that in this case one has
to go back to previous planning steps and relax the SI. In a next research step, we
want to find out, how the Sl can be generated using standard line planning methods
similar to those described by, e.g., Schobel and Scholl (2006) or Friedrich et al.
(2017). Our preliminary investigations show that these methods can generate Sl con-
figurations that take reduced resource availability (due to the fact that e.g. tracks are
temporary out of service) into consideration. This research will help to make detailed
specifications of data interfaces and service levels between TOC and IOC in case of
IP and operational disruptions in real-time conditions.

Another aim of future research concerns the method for the utilization of timetable
stability measures, such as cumulative delay impacts and cumulative delay sensitivity,
obtained from timetable performance measurement for assigning event flexibility to
improve timetable robustness (see Wiist et al. 2019 for preliminary results). With the
outcome of this future research, we will be able to provide a detailed use case descrip-
tion of the iteration between the IP use case presented here and use cases for the as-
sessment of timetable robustness. In that way, we expect to further improve the quali-
ty of TCFPESP results and contribute for speeding up and facilitating practical rail-
way timetabling.
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The computational performance and scalability of PESP and FPESP based timeta-
bling models has been investigated in detail (e.g. Herrigel 2015, Caimi et al. 2011b)
and seems to be reasonable for medium size instances. The scalability of our TCFESP
model to larger instances is subject to future research.

The use case presented in this paper refers to generating short-term timetable sce-
narios. The TCFPESP model is part of a planning framework, which is currently de-
veloped together with SBB and which also contains use cases for long-term process
steps (Wust et al. 2018b).
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