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| PROJEKTPARTNER

Dr. Niels Lindner, Berenike Masing
Das Zuse-Institut Berlin ist ein interdisziplinares

Forschungsinstitut fiir angewandte Mathematik
und datenintensives High-Performance-Computing.
Die Forschung konzentriert sich auf die Modellie-
rung, Simulation und Optimierung in Zusammenar-
beit mit wissenschaftlichen Kooperationspartnern
aus Wissenschaft und Wirtschaft. Niels Lindner leitet am Zuse-Institut Berlin
die Arbeitsgruppe ,MobilityLab“, der auch Berenike Masing angehort.

ZUSE INSTITUTE BERLIN

Berlin Mathematics Research Center Das DFG-Exzellenzcluster MATH+ ist

ein institutionentibergreifender und
interdisziplinarer Forschungsverbund.
Unter dem Motto ,Transforming the

world through mathematics“ werden
neuartige Forschungsansatze fir anwendungsorientierte Mathematik kon-
zipiert und weiterentwickelt. Berenike Masing und Niels Lindner arbeiten im
Rahmen des MATH+-Forschungsprojekts ,The Tropical Geometry of Periodic
Timetables“ an neuen Algorithmen zur Optimierung von Taktfahrplanen im
offentlichen Verkehr.

Prof. Dr. Christian Liebchen Technische
Hochschule
. . . . Wildau
Die Technische Hochschule Wildau liegt vor den ‘ Technical University
Toren Berlins, steht in ingenieurwissenschaftlicher B of Applied Sciences

Tradition und hat digitale Integration als Quer- WILDAU

schnittsthema auserkoren. Christian Liebchen wurde an der Technischen
Universitat Berlin Gber mathematische Taktfahrplanoptimierung promoviert
und ist Professor flir Verkehrsbetriebsfiihrung an der TH Wildau.

Jens Brandenburger, Colin Peter,
m N ET Z E Annette Schon, Bjorn Stlibner
Das Team ,Fahrplan und Kapazitits-

management S-Bahn Berlin® inner-
halb der DB Netz AG erstellt Jahres- und Baufahrplane fir das weitgehend
autarke Netz der S-Bahn Berlin. Dies erfolgt in enger Zusammenarbeit mit der
Betreiberin S-Bahn Berlin GmbH und dem Verkehrsverbund Berlin-Branden-
burg als Aufgabentrager.



|HERAUSFORDERUNG

Rund 1,18 Milliarden Euro stellen Bund, Lainder und Deutsche Bahn AG im Jahr
2021 fir die Modernisierung, Instandhaltung und Erweiterung der Eisenbahn-
infrastruktur in der Region Berlin-Brandenburg bereit. Auf das Netz der S-Bahn
Berlin entfallen dabei weit tiber 1000 einzelne BaumalRnahmen. Die kleinsten
wirken sich nur als Fahrplanabweichungen um wenige Minuten bei einzelnen
Fahrten in der Nacht aus, die groBeren fiihren zu mehrmonatigen Sperrungen
mit erheblichen Einschrankungen fir die Fahrgaste.
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Flir jede BaumaBnahme auf dem Netz der S-Bahn Berlin miissen seitens des
Infrastrukturbetreibers DB Netz AG angepasste Linienkonzepte und Fahrplane
konstruiert werden. Auf Seiten des Eisenbahnverkehrsunternehmens S-Bahn
Berlin GmbH miissen Fahrzeug- und Personaleinsatz umgeplant werden.
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Die Anforderungen an ein solches Baukonzept sind mannigfaltig:

Im Sinne der Fahrgaste soll das Regelangebot so weit wie moglich aufrecht
erhalten werden. Reiseketten sollen sichergestellt und Schienenersatzverkehr
weitestgehend vermieden werden.

Dementgegen stehen betriebliche Anforderungen, die auf durch Baustellen
eingeschrankter oder anders als im Regelbetrieb genutzter Infrastruktur ein
gewisses Mal3 an Stabilitat und Handhabbarkeit gewahrleisten sollen.
AulBerdem miussen tarifliche Regelungen wie z. B. Mindestwendezeiten oder
im Verkehrsvertrag festgeschriebene Mindestzuglangen eingehalten werden.
Nicht zuletzt soll ein Baukonzept im Sinne der Fahrgastinformation einfach zu
kommunizieren sein.



ZIELE

Trotz der groBen Zahl an Mal3nahmen erfolgt die Planung von Konzepten fiir
den Baustellenverkehr grofStenteils manuell. Obwohl Bauarbeiten alltaglich
sind, ist dies alles andere als Routine, denn die Anforderungen sind zahlreich
und die Planung dadurch auf3erst komplex.

Unsere Projektziele sind daher:

Automatisierung

» Digitalisierung und Beschleunigung des
Planungsprozesses

» Entwurf von Baukonzepten durch maf3geschneiderte
datengetriebene Algorithmen

Optimierung

» Minimierung der Abweichung vom Regelangebot

» Maximierung des Fahrgastnutzens

» Einhaltung betrieblicher und vertraglicher Bedingungen

» Anwendung von Methoden der mathematischen
Optimierung

»,Im Netz der Berliner S-Bahn gibt es jahrlich tausende
InfrastrukturmafSnahmen ftir die Instandhaltung und flir den Ausbau
der Anlagen. Eine besondere Herausforderung ist dabei, die
Auswirkungen auf den Fahrplan so gering wie moglich zu halten, um
den Fahrgasten trotzdem ein attraktives Angebot anzubieten.

Mit der mathematischen Optimierung von Baufahrpldnen erwarten
wir, dass in der Zukunft die Prozesse zur Losungsfindung beschleunigt
werden, wir schneller auf Anderungen reagieren kénnen und dem
Fahrgast rechtzeitig angezeigt wird, womit er rechnen kann.“

Annette Schon, DB Netz AG, Teamleiterin tagesaktueller Fahrplan fiir die S-Bahn Berlin
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Integrierte Linien- und Umlaufplanung

» dynamisches Erzeugen von moglichen Linien,
Taktfrequenzen und Umlaufen auf dem Streckennetz der
Berliner S-Bahn

» inklusive verkirzter Linienfiihrungen, Umleitungen,
Pendelverkehre, Schienenersatzverkehre und
Linienkopplungen )

» Bewertung von Linien bzgl. Ahnlichkeit zu den
Regellinien, Fahrgastnutzen, Fahrzeugbedarf und
Infrastrukturnutzung

» Einhaltung von Strecken- und Wendekapazitiaten

» mathematische Optimierung durch gemischt-ganzzahlige
Programmierung (MIP) und Spaltenerzeugungsverfahren

Fahrplanung

» Berechnen von konfliktfreien Zugfolgetabellen fir
potenzielle Linienkonzepte

» Auflésung von Zehntelminuten

» mathematische Optimierung von Fahr-, Umsteige- und
Wendezeiten unter Bertlicksichtigung von Reiseketten und
Mindestzugfolgezeiten

» Einbindung des am Zuse-Institut Berlin entwickelten
parallelen Frameworks ,ConcurrentPESP* fir
Taktfahrplanoptimierung

»Fahrplanoptimierung ftir den Jahresfahrplan ist das Eine. Die viel
hdufiger von Planern zu lI6sende Aufgabe besteht in der Umfahrung
baubedingter Einschrdnkungen, die mitunter nur ftir wenige Stunden
Anwendung finden und vergleichsweise kurzfristig anfallen. Auch in
diesem Kontext sollen passende mathematische Verfahren ktinftig
Nutzen stiften.”

Prof. Dr. Christian Liebchen, Technische Hochschule Wildau
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Der Planungsgraph dient als graphentheoretische Grundlage fiir die integrierte
Linien- und Umlaufplanung. Er unterteilt das Streckennetz in 3 Bestandteile:

roter Bereich
» gesperrte Strecken
» kein Zugverkehr moglich

blauer Bereich

» an den roten Bereich unmittelbar angrenzender Bereich

» Linienfilhrungen und Fahrplane diirfen hier verandert werden
» neue Linien dirfen hinzugefligt werden (z. B. Pendelverkehr)

grauer Bereich
» aulBerhalb des roten und blauen Bereichs
» Linienfihrungen und Fahrplane unverandert wie im Regelfahrplan
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»Mathematik ist eine Schltisseltechnologie,
die Planungsprobleme im offentlichen
Verkehr elegant modellieren und auf das
Wesentliche reduzieren kann. So sind z. B.
Umlauf- und Dienstplanung heutzutage
ohne fortgeschrittene Algorithmen der
diskreten Optimierung undenkbar. Denn
mathematische Methoden erdffnen ein
Optimierungspotenzial, das ohne sie nicht
erschlossen werden kann.“

Dr. Niels Lindner, MobilityLab, Zuse-Institut Berlin

Grafiken (von oben rechts im Uhrzeigersinn):
Ganzzahliges lineares Programm fiir die Linienplanung,
3D-Fahrzeitpolyeder, Zerlegung des Fahrplanraums in 3D-
Polytrope, gemischt-ganzzahliges Programm fir
Taktfahrplanoptimierung
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IMEILENSTEINE

Digitalisierung und Analyse der Daten
Streckennetz, mikroskopische Infrastruktur, Regelfahrplan

Aufstellung der mathematischen Modelle
fir integrierte Linien- und Umlaufplanung, sowie Fahrplanung

Erzeugung des Linienpools
Generieren von sinnvollen Linien und Umlaufen

Bewertung des Linienpools
Festlegen von Bewertungskriterien und -malfen fir Linien

heute

Losen der mathematischen Modelle
mit Methoden der gemischt-ganzzahligen Programmlerung
bzw. des Frameworks , ConcurrentPESP*

- Plausibilitatsiiberpriifung
~ durch die Planer:innen von DB Netz AG

Fertigstellung eines Prototyps
zur automatisierten Erstellung und Optimierung von B%ukonzepten
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GNU Free Documentation License
Version 1.2, November 2002

Copyright (C) 2000,2001,2002 Free Software Foundation, Inc.
51 Franklin St, Fifth Floor, Boston, MA 02110-1301 USA
Everyone is permitted to copy and distribute verbatim copies
of this license document, but changing it is not allowed.

0. PREAMBLE

The purpose of this License is to make a manual, textbook, or other functional and useful
document "free" in the sense of freedom: to assure everyone the effective freedom to copy and
redistribute it, with or without modifying it, either commercially or noncommercially. Secondarily,
this License preserves for the author and publisher a way to get credit for their work, while not
being considered responsible for modifications made by others.

This License is a kind of "copyleft, which means that derivative works of the document must
themselves be free in the same sense. It complements the GNU General Public License, which
is a copyleft license designed for free software.

We have designed this License in order to use it for manuals for free software, because free
software needs free documentation: a free program should come with manuals providing the
same freedoms that the software does. But this License is not limited to software manuals; it can
be used for any textual work, regardless of subject matter or whether it is published as a printed
book. We recommend this License principally for works whose purpose is instruction or
reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that contains a notice placed
by the copyright holder saying it can be distributed under the terms of this License. Such a notice
grants a world-wide, royalty-free license, unlimited in duration, to use that work under the
conditions stated herein. The "Document", below, refers to any such manual or work. Any

member of the public is a licensee, and is addressed as "you". You accept the license if you copy,

modify or distribute the work in a way requiring permission under copyright law.

A "Modified Version" of the Document means any work containing the Document or a portion of it,

either copied verbatim, or with modifications and/or translated into another language.

A"Secondary Section" is a named appendix or a front-matter section of the Document that deals
exclusively with the relationship of the publishers or authors of the Document to the Document's
overall subject (or to related matters) and contains nothing that could fall directly within that
overall subject. (Thus, if the Document is in part a textbook of mathematics, a Secondary Section
may not explain any mathematics.) The relationship could be a matter of historical connection
with the subject or with related matters, or of legal, commercial, philosophical, ethical or political
position regarding them.

The "Invariant Sections" are certain Secondary Sections whose titles are designated, as being
those of Invariant Sections, in the notice that says that the Document is released under this
License. If a section does not fit the above definition of Secondary then it is not allowed to be
designated as Invariant. The Document may contain zero Invariant Sections. If the Document
does not identify any Invariant Sections then there are none.

accept compensation in exchange for copies. If you distribute a large enough number of copies
you must also follow the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you may publicly display
copies.

3. COPYING IN QUANTITY

If you publish printed copies (or copies in media that commonly have printed covers) of the
Document, numbering more than 100, and the Document's license notice requires Cover Texts,
you must enclose the copies in covers that carry, clearly and legibly, all these Cover Texts: Front-
Cover Texts on the front cover, and Back-Cover Texts on the back cover. Both covers must also
clearly and legibly identify you as the publisher of these copies. The front cover must present the
full title with all words of the title equally prominent and visible. You may add other material on the
covers in addition. Copying with changes limited to the covers, as long as they preserve the title
of the Document and satisfy these conditions, can be treated as verbatim copying in other
respects.

If the required texts for either cover are too voluminous to fit legibly, you should put the first ones
listed (as many as fit reasonably) on the actual cover, and continue the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more than 100, you must
either include a machine-readable Transparent copy along with each Opaque copy, or state in or
with each Opaque copy a computer-network location from which the general network-using
public has access to download using public-standard network protocols a complete Transparent
copy of the Document, free of added material. If you use the latter option, you must take
reasonably prudent steps, when you begin distribution of Opaque copies in quantity, to ensure
that this Transparent copy will remain thus accessible at the stated location until at least one year
after the last time you distribute an Opaque copy (directly or through your agents or retailers) of
that edition to the public.

It is requested, but not required, that you contact the authors of the Document well before
redistributing any large number of copies, to give them a chance to provide you with an updated
version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the conditions of sections
2 and 3 above, provided that you release the Modified Version under precisely this License, with
the Modified Version filling the role of the Document, thus licensing distribution and modification
of the Modified Version to whoever possesses a copy of it. In addition, you must do these things
in the Modified Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document,
and from those of previous versions (which should, if there were any, be listed in the History
section of the Document). You may use the same title as a previous version if the original
publisher of that version gives permission.

B. List on the Title Page, as authors, one or more persons or entities responsible for authorship
of the modifications in the Modified Version, together with at least five of the principal authors of
the Document (all of its principal authors, if it has fewer than five), unless they release you from
this requirement.

C. State on the Title page the name of the publisher of the Modified Version, as the publisher.

D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modifications adjacent to the other copyright

The "Cover Texts" are certain short passages of text that are listed, as Front-Cover Texts or Back- notices.

Cover Texts, in the notice that says that the Document is released under this License. A Front-
Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words.

A"Transparent" copy of the Document means a machine-readable copy, represented in a format
whose specification is available to the general public, that is suitable for revising the document
straightforwardly with generic text editors or (for images composed of pixels) generic paint
programs or (for drawings) some widely available drawing editor, and that is suitable for input to
text formatters or for automatic translation to a variety of formats suitable for input to text
formatters. A copy made in an otherwise Transparent file format whose markup, or absence of
markup, has been arranged to thwart or discourage subsequent modification by readers is not

F. Include, immediately after the copyright notices, a license notice giving the public permission
to use the Modified Version under the terms of this License, in the form shown in the Addendum
below.

G. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts
given in the Document's license notice.

H. Include an unaltered copy of this License.

|. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least
the title, year, new authors, and publisher of the Modified Version as given on the Title Page. If
there is no section Entitled "History" in the Document, create one stating the title, year, authors,
and publisher of the Document as given on its Title Page, then add an item describing the

Transparent. An image format is not Transparent if used for any substantial amount of text. A copy Modified Version as stated in the previous sentence.

that is not "Transparent" is called "Opaque".

Examples of suitable formats for Transparent copies include plain ASCII without markup, Texinfo
input format, LaTeX input format, SGML or XML using a publicly available DTD, and standard-
conforming simple HTML, PostScript or PDF designed for human modification. Examples of
transparent image formats include PNG, XCF and JPG. Opaque formats include proprietary

J. Preserve the network location, if any, given in the Document for public access to a
Transparent copy of the Document, and likewise the network locations given in the Document for
previous versions it was based on. These may be placed in the "History" section. You may omit a
network location for a work that was published at least four years before the Document itself, or if
the original publisher of the version it refers to gives permission.

K. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the

formats that can be read and edited only by proprietary word processors, SGML or XML for which section, and preserve in the section all the substance and tone of each of the contributor

the DTD and/or processing tools are not generally available, and the machine-generated HTML,
PostScript or PDF produced by some word processors for output purposes only.

The "Title Page" means, for a printed book, the title page itself, plus such following pages as are
needed to hold, legibly, the material this License requires to appear in the title page. For works in
formats which do not have any title page as such, "Title Page" means the text near the most
prominent appearance of the work's title, preceding the beginning of the body of the text.

A section "Entitled XYZ" means a named subunit of the Document whose title either is precisely
XYZ or contains XYZ in parentheses following text that translates XYZ in another language.
(Here XYZ stands for a specific section name mentioned below, such as "Acknowledgements"”,
"Dedications", "Endorsements", or "History".) To "Preserve the Title" of such a section when you
modify the Document means that it remains a section "Entitled XYZ" according to this definition.

The Document may include Warranty Disclaimers next to the notice which states that this
License applies to the Document. These Warranty Disclaimers are considered to be included by
reference in this License, but only as regards disclaiming warranties: any other implication that
these Warranty Disclaimers may have is void and has no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially or
noncommercially, provided that this License, the copyright notices, and the license notice saying
this License applies to the Document are reproduced in all copies, and that you add no other
conditions whatsoever to those of this License. You may not use technical measures to obstruct
or control the reading or further copying of the copies you make or distribute. However, you may

acknowledgements and/or dedications given therein.

L. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles.
Section numbers or the equivalent are not considered part of the section titles.

M. Delete any section Entitled "Endorsements”. Such a section may not be included in the
Modified Version.

N. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with
any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-matter sections or appendices that qualify as
Secondary Sections and contain no material copied from the Document, you may at your option
designate some or all of these sections as invariant. To do this, add their titles to the list of
Invariant Sections in the Modified Version's license notice. These titles must be distinct from any
other section titles.

You may add a section Entitled "Endorsements", provided it contains nothing but endorsements
of your Modified Version by various parties--for example, statements of peer review or that the
text has been approved by an organization as the authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25
words as a Back-Cover Text, to the end of the list of Cover Texts in the Modified Version. Only
one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through
arrangements made by) any one entity. If the Document already includes a cover text for the
same cover, previously added by you or by arrangement made by the same entity you are acting
on behalf of, you may not add another; but you may replace the old one, on explicit permission
from the previous publisher that added the old one.



The author(s) and publisher(s) of the Document do not by this License give permission to use
their names for publicity for or to assert or imply endorsement of any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this License, under the
terms defined in section 4 above for modified versions, provided that you include in the
combination all of the Invariant Sections of all of the original documents, unmodified, and list
them all as Invariant Sections of your combined work in its license notice, and that you preserve
all their Warranty Disclaimers.

The combined work need only contain one copy of this License, and multiple identical Invariant
Sections may be replaced with a single copy. If there are multiple Invariant Sections with the
same name but different contents, make the title of each such section unique by adding at the
end of it, in parentheses, the name of the original author or publisher of that section if known, or
else a unique number. Make the same adjustment to the section titles in the list of Invariant
Sections in the license notice of the combined work.

In the combination, you must combine any sections Entitled "History" in the various original
documents, forming one section Entitled "History"; likewise combine any sections Entitled
"Acknowledgements”, and any sections Entitled "Dedications". You must delete all sections
Entitled "Endorsements".

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents released under this
License, and replace the individual copies of this License in the various documents with a single
copy that is included in the collection, provided that you follow the rules of this License for
verbatim copying of each of the documents in all other respects.

You may extract a single document from such a collection, and distribute it individually under this
License, provided you insert a copy of this License into the extracted document, and follow this
License in all other respects regarding verbatim copying of that document.

7. AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivatives with other separate and independent documents
or works, in or on a volume of a storage or distribution medium, is called an "aggregate” if the
copyright resulting from the compilation is not used to limit the legal rights of the compilation's
users beyond what the individual works permit. When the Document is included in an aggregate,
this License does not apply to the other works in the aggregate which are not themselves
derivative works of the Document.

If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if
the Document is less than one half of the entire aggregate, the Document's Cover Texts may be
placed on covers that bracket the Document within the aggregate, or the electronic equivalent of
covers if the Document is in electronic form. Otherwise they must appear on printed covers that
bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute translations of the
Document under the terms of section 4. Replacing Invariant Sections with translations requires
special permission from their copyright holders, but you may include translations of some or all
Invariant Sections in addition to the original versions of these Invariant Sections. You may include
a translation of this License, and all the license notices in the Document, and any Warranty
Disclaimers, provided that you also include the original English version of this License and the
original versions of those notices and disclaimers. In case of a disagreement between the
translation and the original version of this License or a notice or disclaimer, the original version
will prevail.

If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the
requirement (section 4) to Preserve its Title (section 1) will typically require changing the actual
title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as expressly provided
for under this License. Any other attempt to copy, modify, sublicense or distribute the Document is
void, and will automatically terminate your rights under this License. However, parties who have
received copies, or rights, from you under this License will not have their licenses terminated so
long as such parties remain in full compliance.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versions of the GNU Free
Documentation License from time to time. Such new versions will be similar in spirit to the
present version, but may differ in detail to address new problems or concerns. See http://
www.gnu.org/copyleft/.

Each version of the License is given a distinguishing version number. If the Document specifies
that a particular numbered version of this License "or any later version" applies to it, you have the
option of following the terms and conditions either of that specified version or of any later version
that has been published (not as a draft) by the Free Software Foundation. If the Document does
not specify a version number of this License, you may choose any version ever published (not as
a draft) by the Free Software Foundation.

ADDENDUM: How to use this License for your documents

To use this License in a document you have written, include a copy of the License in the
document and put the following copyright and license notices just after the title page:

Copyright (c) YEAR YOUR NAME.

Permission is granted to copy, distribute and/or modify this document
under the terms of the GNU Free Documentation License, Version 1.2

or any later version published by the Free Software Foundation;

with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts.
A copy of the license is included in the section entitled

"GNU Free Documentation License".

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the
"with...Texts." line with this:

with the Invariant Sections being LIST THEIR TITLES, with the
Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST.

If you have Invariant Sections without Cover Texts, or some other combination of the three,
merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recommend releasing these
examples in parallel under your choice of free software license, such as the GNU General Public
License, to permit their use in free software.

Kontakt

Dr. Niels Lindner
Zuse-Institut Berlin = Takustr. 7 = 14195 Berlin, Deutschland
lindner@zib.de



