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Abstract

This thesis deals with the implementation of an open source trip planner for the
public transport association VGN, the results of which take into account both
parking the bicycle at a stop and taking the bicycle on public transport until
the destination. In principle, software already exists that enables multimodal
navigation with public transport, and the timetable and road data sets required
for this are freely available for many regions. For the VGN, however, there is no
trip planner yet that prioritizes bicycle-assisted navigation with public transit.
During the implementation of such a project, the difficulties that arise when
integrating open data sources were investigated. Even though there are limita-
tions due to poor quality of and missing information in the data sources, it was
achieved to develop a trip planner that suggests bicycle-assisted journeys, which
are often faster and involve fewer transfers. In addition, the software solution
allows for easy configuration and reuse in other regions. While the open source
components used offer several possibilities to further improve the trip planner in
the future (e.g., by integrating rental bicycles), data sets covering these aspects
are currently missing.
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1 Introduction

Statewide as well as regional public transportation trip planners are often based
on proprietary or non-public data and most of them are closed source. This
makes it impossible to customize or extend these software solutions, which, with
few exceptions, only support walking as personal navigation mode.

A search as a pedestrian for travel connections by public transport has its lim-
itations: If there are no stops near the origin or destination, travel connections
either take a long time due to walking distances or are not found at all. Both
can result in people taking the car instead of public transport in order to get to
their destination more quickly and without being tied to a timetable.

In Germany, car journeys are to be reduced by improving alternative offerings. In
its coalition agreement, the German government set itself the goal to expand the
public transport network and realize more frequent connections (Franz, 2021).
At the same time, it sees the expansion of bicycle traffic as part of achieving its
climate goals (MDR.DE, 2023).

The use of public transport and cycling can go hand in hand, because by bike
distant stops can be reached faster, which increases the area that can be reached
within the same travel time. However, planning trips by bicycle and public
transportation requires local knowledge to choose bicycle-friendly routes and to
know which public stop provides the shortest connection to the destination.

The goal of this work is to develop a web application that can be used to find
multimodal itineraries that combine bicycle segments with public transport. The
search will be limited to the Nuremberg metropolitan region, or more precisely the
operational area of the Verkehrsverbund Grofraum Niirnberg (VGN), which is
the largest transportation association in Bavaria (Bayerisches Staatsministerium

fiir Wohnen, Bau und Verkehr, n.d.).

To enable further use of the application, it wil be implemented as open source,
based solely on open data. There will be a focus on working with open data: It
will be investigated how well open data sources can be found, how they can be
integrated into a data pipeline and what their quality is.



1. Introduction

The following chapters describe the development of the open data based web ap-
plication in detail. As an introduction, common open data standards are presen-
ted. Based on this, various open data sources are compared and two of them
are selected as basis for the project. Complementary, the following chapter gives
an overview of already existing trip planners. After these general explanations,
the realization of the project is described. For this purpose, requirements are
first defined that are to be fulfilled by the web application. Chapter 5 explains
the structure and components of the application, including the pipeline used to
import data. Subsequently, important implementation details are highlighted.
Finally, it is reflected whether the end result fulfills the requirements and which
problems arise from the selected data sources.



2 Data Sources and Their Quality

2.1 Preliminaries

This section introduces the terminology used in this thesis when talking about
public transit networks.

2.1.1 Public Transit Network

Baum et al. (2019, pp. 3-4) give a technical definition in which a public transit
network is a 4-tuple consisting of stops, trips, routes and transfers. We follow
their definition, but remain less technical.

A passenger can board or disembark vehicles (such as trains, subways or buses)
at stops. Trips are sequences of at least two stops which are served by the
same vehicle one after the other. Trips with the same stop sequence are grouped
as routes. A trip leg is the part of a trip between a passenger’s boarding and
disembarking. Passengers transfer with the help of private transportation (such
as walking or cycling). This may be during the initial transfer from their starting
point to the first stop, from the last stop to the destination, or during intermediate
transfers between trip legs.

2.1.2 Transport Modes and Multimodality

Modes of transportation can be partitioned as follows (2017/1926/EU, 2017,
p. 11):

e Scheduled: Modes of transportation that run on a schedule such as train,
subway or bus.

e Demand-responsive: Non-scheduled transportation such as taxi, car-sharing
or bike-hire.

e Personal: Personal transportation options such as walking, biking or driv-
ing.
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A route planning is called multimodal when different modes of transportation are
combined.

To refer to the combination of certain transport modes, the following terms are
used:

e Transit: Travel by public transport. Usually, this involves the combination
of all scheduled modes of transport. Strictly speaking, only public transport
stops are possible as the start and destination of such journeys. But often
arbitrary addresses can be searched, from which nearby stops are selected
as entry and exit points to public transportation.

o Walk and Transit: Travel by public transportation, which may include
longer walks at the beginning, between trip legs, or at the end. Any start
and destination locations are possible.

e Bike and Transit: Travel by public transportation, where, unlike Walk and
Transit, transfers are made by bicycle.

e Bike and Ride: This term is analogous to Park and Ride. The initial
transfer to the first stop is done by bicycle, which is then parked there.
Thereafter, the journey is continued with Transit or Walk and Transit.

2.2 Common Data Standards

The data structures of schedule-based and demand-responsive public transport-
ation are significantly more complex than the graphs used for private navigation
modes. In the following, we therefore present three formats commonly used for
public transportation.

2.2.1 GTFS and GTFS-RT

Due to the complexity of time-based public networks, a clear standard is needed
for the exchange of transit data. Probably the most widely used is the General
Transit Feed Specification (GTFS) with Google (2020) listing multiple thousand
agencies around the world providing a GTF'S feed for them.

The specification originated in 2005 as a result of the transit agency Tri-County
Metropolitan Transportation District of Oregon’s (TriMet) desire to integrate
their public transit connections with external trip planners, one of which was
Google Maps (Roth, 2010). At present, the data standard is maintained by the
non-profit organization MobilityData (MobilityData, n.d.-a).

GTEFS “defines a common format for public transportation schedules and associ-
ated geographic information” (Google, 2022b) required to do trip planning. This
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includes the operating transit agencies, the location of stops, stations and plat-
forms as well as the departure and arrival times of vehicles at stops. It is optional
to include fare information and vehicle travel paths (Antrim et al., 2023). The
latter is necessary to represent the route of a vehicle more precisely than just
given by its stop locations.

GTFS datasets consist of text files in the comma-separated values (CSV) format!
and should be published as one zip file under a public, permanent URL (Antrim et
al., 2023). This technically simple format has probably also led to its widespread
use. Nevertheless, there is still a problem-inherent workload for the transit agen-
cies to export GTFS from their transit system. This is because the data model
of GTFS, as shown in Figure 2.1, is by no means simple.

| Agency | Fare_attributes

| Routes |- ------------ —:_ Fare_rules]

Calendar

. . _
Key | Entity (File) Spatial entity | - Virtual entity
—— Foreign key
---+ [Foreign key - optional

Figure 2.1: GTFS data model. From Davis, M. (2011, September 27). Data
model diagrams for GTFS |Lin.ear th.inking]. Retrieved April 24, 2023, from
https://lin-ear-th-inking. blogspot.com /2011 /09 / data- model- diagrams- for-
gtfs.html

GTFS Realtime (GTFS-RT) is an extension to GTFS, which allows transit agen-
cies to provide the current departures and arrival times, occupancy rates of
vehicles as well as schedule or stop changes (MobilityData, 2022).

Thttps: //datatracker.ietf.org/doc/html/rfc4180
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2.2.2 NeTEx and SIRI

Transmodel is the European reference data model for public transport (5T s.r.l.,
n.d.-a). It is a high-level conceptual model documented as entity-relationship
model and in the Unified Modelling Language (UML) that is standardised by the
European Committee for Standardization (Comité Européen de Normalisation;
CEN) and covers “public transport concepts across a wide range of functional
areas” (DatadPT, 2020). It defines common terminology and fundamental con-
cepts in an implementation independent way (DatadPT, 2020) which facilitates
interoperability across different organisations and systems (5T s.r.l., 2019). The
fact that such an exchange of travel information between many different I'T sys-
tems is necessary to support travellers on their journeys is symbolically shown
by Figure 2.2.

@ = ?O&o-
= () S 0/ Fa o
57 0

)

o

Figure 2.2: Consistent travel information is needed before and during a trip
at various stages. From 5T s.r.l. (2019, September). Transmodel at a glance.
Retrieved April 29, 2023, from https://www.transmodel-cen.eu/wp-content /
uploads/2015/01/Transmodel at a -glance-1.pdf

The Network Timetable Exchange (NeTEx) and the Service Interface for Real-
time Information (SIRI) are both XML based implementations of the Transmodel
that are standardized by CEN. The relation between the conceptual model
Transmodel and NeTEx as one of its implementations is visualized in Figure 2.3.

Thereby NeTEx forms a standard for the exchange of public transport schedules
and related data (5T s.r.l., n.d.-c). It has a much wider scope than GTFS which
is only intended for provisioning journey planning systems (57T s.r.l., n.d.-b).
NeTEx on the contrary, is intended for use in back office (5T s.r.l., n.d.-b). The
more technical specification with an XML schema allows to transfer a complete
dataset in only one XML file and to perform automatic validation (5T s.r.l,
n.d.-b; Arneodo, 2015).

Using the SIRI framework it is additionally possible to exchange real-time in-
formation about public transport services with NeTEx (Arneodo, 2015).
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XML

.,ﬁ_ Implementatlon

\ |
% o BAS

Figure 2.3: Transmodel and NeTEx cover different levels of data specification.
From DatadPT. (2020, January 31). Methodology for comparing data standards.
Retrieved April 29, 2023, from https://datadpt-project.eu/wp-content /uploads/
2021/03/DatadPT-Methodology-for-comparing-data-standards.pdf

With its capabilities, NeTEx forms a superset, of which the individual member
countries implement only a subset in national profiles. The NeTEx website lists
currently four profiles (5T s.r.l., n.d.-c). However, on the NeTEx GitHub wiki
of Knowles (2020b), one of the members of the NeTEx working group (Knowles,
2020a), several more can be found. These variations complicate the use of NeTEx
in software projects. For example, OpenTripPlanner presented in the following
chapter 3 so far only supports data import of the nordic profile used by Norway,
Finland, Sweden and Denmark (Knowles, 2020b; Thomas Gran et al., 2022).

Due to the larger scope, both static NeTEx data and real-time information via
SIRI can be mapped to GTFS and GTFS-RT respectively.? In the opposite
direction, a complete NeTEx dataset cannot be generated from GTFS (5T s.r.l.,
n.d.-b), though the NeTEx wiki (2023) lists converters for some of the profiles.

2.2.3 GBFS

In addition to GTFS, MobilityData (n.d.-b) is also developing the General Bike-
share Feed Specification (GBFS), a data standard enabling the exchange real-time

2NeTEx has a UML package that shows how a mapping to GTFS is possible (5T s.r.l., n.d.-
b). And also with SIRI, thanks to the XML schema, it is possible to generate for example Java
classes of the data model, thus reducing the effort to create a converter to GTFS-RT (CEN TC
278 Working Group 3 Sub Group 7, 2005; MobilityData, n.d.-c).
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data on demand-responsive mobility. This includes rental bikes and e-scooters.

2.3 Available Open Data Sources

In the following, we show which open data sources are available that can be used
by our project for journey planning in the VGN area. Thereby, the data sources
can be divided into scheduled public transport, a pedestrian and bicycle network,
and demand-responsive mobility. In this process, we evaluate the data quality of
suitable sources and decide to take the GTFS feed of the VGN for schedule-based
navigation and OpenStreetMap (OSM) as a basis for the pedestrian and bicycle
road graphs. Finally, we conclude that there are still no open data sources for
demand-responsive mobility and real-time updates in our region.

2.3.1 National Access Points

In the EU, a framework for Intelligent Transport Systems (ITS) has been in place
since 2010 (2010/40/EU, 2010). With Regulation 2017/1926/EU (2017), this was
expanded to include the provision of EU-wide multimodal travel information ser-
vices (MMTIS). In it, the member states were given a timetable for providing
open access to data needed for, among other things, multimodal travel planning.
The data is to be available at a central location for each country, the so-called
National Access Points. In addition, concrete data formats are prescribed. Static
public transport data for instance shall use the NeTEx and dynamic public trans-
port data the SIRI format. So far, the provision of real-time data is still optional.

Since December 2021, the National Access Points must include the following static
travel data for the comprehensive Trans-European Transport Network (TEN-T):

e Address identifiers and points of interests for location search.

e Data required to perform trip planning with scheduled and private modes.
Besides the timetable-based public transport data this includes road, ped-
estrian and cycle networks. The latter including details about the bike
track, such as whether it is a lane on the road or a shared pedestrian and
bike path, as well as details about surface quality and weather it is a scenic
route.

e Bike parking, park and ride stops and bike sharing locations required for
demand-responsive shared-mobility modes.

e Booking information including fare zones, passenger classes, where to pay
for car parking and possible payment methods.

This amount of data with the details mentioned above would be perfect to im-
plement a trip planner with scheduled, personal and demand-responsive modes.
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However, the comprehensive TEN-T network only covers long-distance routes
and does not provide nearly enough details in the VGN area to enable walking,
cycling or bus navigation. This can be seen on the map depicted in Figure 2.4
where the road and rail networks of TEN-T are displayed as red, green and purple
overlay. Furthermore, there is no separate bicycle network as part of TEN-T as
the European Cyclists’ Federation (2020) criticises. The data criteria listed in
the regulation should therefore be understood more as a recommendation to the
member states on what they can additionally publish to improve the capabilities
of multimodal travel planning.
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Figure 2.4: The TENtec Interactive Map Viewer.

The Mobility and Transport website of the European Commission contains a
regularly updated document listing the current National Access Points.® In this
document, the column MMTIS National Access Point is of particular interest to
us.

For Germany, the Mobility Data Marketplace is listed there (European Comission,
2022), which will be migrated to the new Mobilithek platform by the end of
2023 (Bundesanstalt fiir Strakenwesen, n.d.). If we search on it* for scheduled
public transport with a free-of-charge license, we get three results. Two of them
include timetable data: The first one is a GTFS feed covering bus in the district

3https://transport.ec.europa.eu/transport-themes /intelligent-transport-systems /road /
action-plan-and-directive/national-access-points _en
“4https:/ /service.mdm-portal.de/mdm-portal-application /publicationSearch.do
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Fulda and the second one a NeTEx feed for public transport in whole Germany
provided by DELFI e.V., a registered association providing seamless passenger
information in Germany. To access the nationwide dataset we are redirected to
the open data website of the transport association Rhein-Ruhr®. There we can
see that the data is also available as GTFS feed. Both are licensed under CC BY,
but the version number of the license is missing and a free account is required for
a download from the website. Other means of authenticated download are not
mentioned. Even though these are two open data sources, the registration and
web login make it difficult to actually use them in an automated data pipeline —
which would make it far easier to integrate the weekly published updates.

To get a rough overview of the geographic coverage of the DELFI dataset we
decided to inspect the GTFS format and marked all stops included in it in red on
a map. We chose the GTFS zip file because with 300 MB it is less than a quarter
of the size of the NeTEx dataset® and the format is technically simpler while still
containing the same timetable information that is relevant for us. Two sections of
the resulting map view can be seen in Figure 2.5. Within Germany, the density
of stops at the selected scale is so high that its area is colored red without any
visible gaps. Larger cities in neighboring countries, for example Paris, show that
the dataset also includes long-distance train or bus connections across national
borders up to their final stop. But we also see that some stops are incorrectly
located. For example, there is one point east of the Caspian Sea, several points
south-west of Western and Central Africa in the Atlantic Ocean, and one far
below Antarctica. We did not investigate further what the stop names of the
wrongly located stops are, or which transit agency they belong to. But since
the DELFI data set is a combination of the data from 12 country systems with
long-distance traffic information (Transport association Rhein-Ruhr, n.d.), it is
possible that the errors all originate from just one of the underlying data sources.

For our use case, a small slice of the GTFS data is enough, which we can obtain
either by intersecting it with the outline of the VGNT or by filtering it by the 135
transit agencies of the VGN association. In the end, we decided to use the GTFS
feed offered directly by the VGN instead, eliminating the need for processing.
More about this is covered in subsection 2.3.2.

If we search the Mobility Data Marketplace for scheduled public transport data,
regardless of license terms, then there are no further results that intersect with
the VGN area. Moreover, no real-time data sources are listed apart from one
GTFS-RT feed of the FlixBus inter-city bus service when searching for real-time
traffic data.

Shttps://www.opendata-oepnv.de/ht/en/organisation /delfi /start

6300 versus 1317 MB as of April 24, 2023.

"With e.g. gtfs-filter (https://github.com/twalcari/gtfs-filter) it is possible to extract a
bounding box of a larger GTFS file.
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Figure 2.5: Stop locations included in the DELFI GTFS dataset. Copyright of
tiles by OSM contributors.

In addition to data for schedule-based public transportation, we also need a data
source for the personal modes walking and cycling. The bicycle network category
provides only 12 Germany-wide bicycle routes. This level of detail is roughly on
par with the long-distance TEN-T network, but unsuitable for our regional area.
Therefore, another data source is needed, which we found with OSM and discuss
in more detail in subsection 2.3.3. This leaves only demand-responsive services
which are covered separately in subsection 2.3.5.

2.3.2 Data Sources From Public Service Providers

The German National Access Point lists by far not all data sets and open APIs
from the transport sector. It is therefore worthwhile to additionally check dir-
ectly with the transit agencies as they often have a webpage dedicated to open
data. This is also the case for the VGN and the VAG Verkehrs-Aktiengesellschaft
(VAG), a municipal company providing train, tram, bus and rental bikes in
Nuremberg that is part of the VGN association (VAG, n.d.-a).

The only data set offered by the VGN is an annually updated GTFS feed of
the entire transport network licensed under CC BY 3.0 DE (VGN, 2022). The
infrequent updates are a clear disadvantage compared to the DELFI dataset. A
replacement bus that runs additionally during construction work on the rails, for
example, is potentially not covered — even if such construction work is announced
well in advance. On the other hand, the dataset has the advantage that it is
tailored exactly to our target region. We therefore decided to use the VGN
dataset to drive the schedule-based navigation modes. This allows us to eliminate
one data pipelining step from the scope of this work: We do not need to filter
the GTFS dataset by region.
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When calculating the convex hull around all stops of the VGN source we get the
result visible in Figure 2.6. This gives us a good approximation of the area of
the VGN and we see that there are no such large location errors as in the DELFI
GTEFS feed. However, when we take a look inside the zip file, we notice that the
feed is very stripped down. The agency table contains only one record about the
VGN transport association itself. The individual trips are thus not assigned to
the individual transport operators of the VGN as it is the case with the DELFI
data set which lists e.g. the VAG agency. Furthermore, the optional shape and
fare information are missing.
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Figure 2.6: Convex hull around the stops locations of the VGN GTFS dataset.
Map tiles by Stamen Design. Copyright of map data by OSM contributors.

Unfortunately, there are no supplementary real-time updates for the GTFS feed
on the VGN’s open data site although their own app includes real-time inform-
ation which means that the data is available in their system. This would solve
the problem of the infrequent updates and could also cover short-term schedule
changes, delays and cancellations.

Similarly, there is no published GBFS feed by the VAG for their rental bike
service either (VAG, n.d.-b).

It is also worth mentioning that the Deutsche Bahn AG (DB), a nationwide
operating transit agency, offers a realtime application programming interface
(API) with information about train departure and arrival times licensed under
CC BY 4.0 (DB, n.d.). To use this interface, a free account is required and re-
quests are limited to 60 per minute. This and the fact that a custom REST API
is used, complicate the integration of the data source making it unsuitable for
this project.
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2.3.3 OpenStreetMap

OSM is an ODDbL licensed, worldwide geographic database maintained by a com-
munity of mappers who are in many places organized in groups (OpenStreetMap,
n.d.). The project is supported by the non-profit OpenStreetMap Foundation,
which formally operates some of the services without intending to directly control
it (OpenStreetMap Foundation, 2023).8

The conceptual data model consists of only three basic components: Nodes, ways,
and relations (Verdy p et al., 2023). All of them can have multiple key-value pairs
(tags) assigned.

e Nodes represent points on the surface of the earth and can be used to,
among others, map the location of bike lockers, the entrance of a train
station or a bus stop.

e Ways are a list of nodes that define a polyline. They can be used to describe
linear features as open way (e.g. roads or rails), the boundary of areas as
closed way or areas (e.g. the ground plan of a railway station building or a
residential house). In the last two cases, they form a solid polygon.

e A relation describes the relationship between two or more basic components.
It can be used, for example, to model cycle routes or large administrative
boundaries (Stevea et al., 2022).

Figure 2.7 illustrates different forms of these basic components.

3 I R R

(a) Node (b) Open way (c) Closed way  (d) Area (e) Relation

Figure 2.7: Icons of the basic components in OSM. (b), (¢) and (d) represent
different types of ways. The images are in the public domain.

Based on this model, a large variety of geographical aspects can be mapped up
to a very fine level of detail. How much detail is actually available, however,
varies greatly from region to region. In figure 2.8, we see the difference in qual-
ity between a map section from the city of Nuremberg and the rural village of
Pfeifferhiitte. Both images are at the same scale. The houses in the visible area
of Pfeifferhiitte do not yet have tags with their addresses (street name and house
number) and therefore a geocoder can only estimate their location. Furthermore,
the non-rectangular house gives an example that occasional mapping errors do
occur. Figure 2.9 shows this house in the online map editor of OSM. There we

8Transparency note: Independent of this bachelor thesis, I am a voting member of the
OpenStreetMap Foundation.
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see that the upper right corner of the building was mistakenly combined with a
fire hydrant. In addition, we can see from the underlying satellite image that the
building is rectangular shaped in reality.
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Figure 2.8: Two map sections with the default OSM map style. Adapted from
https://osm.org/. Copyright of tiles by OSM contributors.
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Figure 2.9: Part of the OSM online editor. Copyright of map data by OSM
contributors. Copyright of satellite imagery by Bayerische Vermessungsverwal-
tung.

Of the many uses of OSM, we are most interested in the pedestrian and bicycle
network. Even if there are minor errors and we can certainly find paved roads
that are still missing in the dataset, it still has a very high density of road,
bike and footpaths in the area of the VGN making it a god fit for our use case.
In particular, the many signposted bicycle paths stored are helpful for bicycle-
friendly navigation. Figure 2.10 shows these highlighted in color for the city of
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Erlangen. In the background of the same image we also see the road network.
All of this information comes from the OSM database.

We have therefore decided to use the daily updated OSM database extract for
Germany provided by Geofabrik GmbH? which covers the entire area of the VGN.

Figure 2.10: Sign-posted cycling routes overlayed on the OpenTopoMap. Adap-
ted from https://cycling.waymarkedtrails.org/. Copyright of map data by OSM.
Copyright of base map by OpenTopoMap with height data from SRTM.

2.3.4 Community Lists

Finding suitable data sources is not easy. For example, the German National
Access Point misses many sources and while the Finnish one provides helpful
visualizations of the geographic coverage of individual datasets, the short de-
scriptions of them are not available in English making it difficult for non-native
speakers. Furthermore, it requires individual research to discover open data of-
fers from transport operators and other institutions such as e.g. the OpenData
portal of the Bavarian State Office for Survey and Geoinformation which includes
a CC BY 4.0 licensed shapefile covering all sign-posted bike paths in Bavaria.'’

One potential remedy for this could be the European open data portal, which
currently contains about 1.6 million data sets (Publications Office of the European
Union, n.d.-a). But with the amount of results, the currently few filter options
become a problem. For example, if we filter by the GTFS format, we get 174
results and can’t narrow them down geographically, e.g. by country.!!

https://download.geofabrik.de/europe.html

Ohttps://geodaten.bayern.de/opengeodata/OpenDataDetail. html?pn=bvv_radwege

Hlnterestingly, we found a wrongly categorized GTFS-RT feed of the transport associ-
ation Rhein-Sieg in the GTFS category, which was not listed in the German National Access
Point (Publications Office of the European Union, n.d.-b).
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Another way to find data sources are the many lists from the open data and
public transit communities. There, important aspects of about data sets are
often highlighted, visually represented, or machine-readable.

The FEuropean transport feeds website provides a good overview of existing na-
tionwide GTFS and NeTEx feeds by visualizing them on two maps of Europe and
summarizes license information in a table. It does furthermore offer permanent
links to the latest versions of the datasets (Tens et al., 2023) and if they are
behind a login, they are self-hosted and made available for direct download.

From their website you also reach another community project: The GTFS-
Publikationen is a tabular listing of all German GTFS feeds with their license,
download link and reports (Holger Bruch et al., 2023). Whenever a GTFS feed
changes, it is automatically checked in form and content and its report is up-
dated. This table shows that the feed provided by the VGN contains 4089 errors
and even more warnings. The high number is somewhat misleading, since if a
faulty route is served at different times, it will appear several times in the data
set. Nevertheless, we see that the quality of the VGN data set could still be
improved.

Lastly, we would like to mention the project list of transport APIs, which contains
a schema for describing such APIs and uses it to give details about many (also
proprietary) interfaces in a machine-readable way (Jannis R et al., 2023). Among
those are the HAFAS interface of the DB and the EFA interface of the VGN
which are used internally by those companies and also by the Transportr app as
presented in section 3.1.

These projects are maintained on a best effort basis and are by no means always
up to date nor do they fully cover existing data sources. Nevertheless, it is
often easier to find suitable data sources through some of these projects. The
project about German GTFS feeds provides with 46 results in any case much
more information than the German National Access Point which gave us just one
result during our investigations in subsection 2.3.1.

2.3.5 Data of Demand-Responsive Services and Real-Time
Updates

While the goal of this work is primarily to combine personal cycling with public
transit, this would be very well complemented by a rental bike mode. We did,
however, not find any suitable data sources for our target region. This may be
because such sources are inherently realtime sources.'? For example, to integrate

12Tn the German National Access Point, there is a car and bike sharing category listing 21
data sets. However, all of these cover only car rentals. And while OSM has tags for bike rental
stations (Pieren et al., 2023), it is not intended for dynamic data such as the current availability
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rental bicycles into a multimodal search, it is not enough to know the static
locations of bike stations, but it requires additional knowledge about the current
availability of bicycles at these stations.

Such real-time feeds as well as updates for timetable-based navigation are still
rare in Germany. As a result, we were not able to integrate a rental bike mode
or real-time updates (delays and cancellations) into our project, even though the
selected software modules would have supported this out of the box.

of rental bikes.
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3 Existing Software

In this chapter, we provide an overview of existing multimodal trip planners with
a focus on support for personal bicycle modes. Even though Google Maps is not
open source, it was still reviewed due to its widespread use.

3.1 Transportr and Nayvitia

Transportr is a community-developed open source Android application licensed
under GNU AGPLv3 or later. The multimodal journey planner combines walk-
ing and schedule based public transportation (Transportr, n.d.-b). It supports
different public transit networks worldwide whose coverages are visualized either
by a marker or by red coloring on a map in Figure 3.1.

........ Leaflet | Map data © OpenStreetMap contributors, CC-BY-SA, Imagery © Mapbox

Figure 3.1: Overview of transport regions supported by Transportr. Adapted
from Transportr. (n.d.-b). Free public transport assistant without ads or tracking
[Transportr|. Retrieved April 12, 2023, from https://transportr.app/

Simultaneous navigation in multiple networks is not possible with Transportr,

even if they are adjacent or overlap. This is due to the fact that depending on
the transit network different web services are queried for possible journeys. For
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instance, the HAFAS interface of the DB is used for the nationwide DB network
and the EFA interface of the VGN is used for the regional VGN network. (Schild-
bach, 2023a, 2023b; Transportr, n.d.-a)

The webservice Navitia is being developed by the French company Kisio Di-
gital as open source software with the main repository being licensed under
GNU AGPLv3 (Antoine D, 2014; COSSON, n.d.-a, n.d.-c). It supports quer-
ies for multimodal journeys by public transport, including private and rental
bikes (COSSON;, n.d.-b). Supported data sources are GTFS, NTFS (own exten-
sion of GTFS) for scheduled services as well as OSM for the road network (Simart
et al., 2023). Real-time information can also be imported, but there is a lack of
documentation about this. Kisio Digital runs an instance of Navitia and offers
its API for a fee, with the first 5000 requests per month being free (COSSON,
n.d.-d). While there is a Docker Compose file to run the service ourselves, it is
currently considered unstable (Antoine D et al., 2023).

New transit areas with a public GTFS feed can be added to their instance upon
request. This allows Transportr to support new regions without programming
adapters for their different interfaces. Instead, the Navitia API has only been
added once as a routing provider, and it now only takes a small change to add a
new region after it was added to the Navitia API (Transportr, n.d.-a).

The option to use Navitia with GTFS and OSM data as backend and Transportr
as frontend makes it possible to search for public connections using only free
software based on open data. However, Transportr only displays trips with the
two modes walking and public transit.

3.2 Google Maps

The Google Maps platform is the most widely used mapping software in terms of
total Google Play application downloads (AndroidRank, n.d.) as well as the US
charts of the Apple App Store for iPhones (Apple Inc., 2023).

Its features include multimodal navigation with biking, ridesharing and public
transportation, as Dutta (2019) announced on the Google Blog in 2019. Fig-
ure 3.2 shows how the Google Maps mobile application suggests Bike and Ride
connections whose first trip legs consist of cycling followed by a combination of
public transportation and ridesharing.

However, if we look at the example depicted in Figure 3.3, we find that Google
Maps is only of limited use for finding bike and transit connections in the VGN.
When searching for trips from the university library in Erlangen to a sports center
in Nuremberg, the application does not suggest any connections with bicycle legs
even if we enabled the Bicycle mode in the Connections to transit preferences.
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Figure 3.2: The transit tab of Google Maps includes Bike and Ride connections.
Adapted from Dutta, V. (2019, August 27). Travel your first and last mile with
google maps |Google|. Retrieved April 13, 2023, from https://blog.google /
products/maps/travel-your-first-and-last-mile-google-maps/

This is not because the first leg of the journey is a short 5-minute walk. When
we placed the starting point further from the train station, all results still started
with a walk, this time of 13 minutes. Furthermore, some results contain high-
speed trains (ICE) that are not included in VGN tickets! and which cannot be
disabled in the settings.

Finally, it should be noted that Google Maps is a closed platform. Outsiders can-
not see which data the navigation is based on, and the use of the map services is
only permitted within the scope of Google’s license terms. As such it is prohibited
to “create or augment any other mapping-related dataset” from Google Maps or
to “use any part of Google Maps/Google Earth with other people’s products or
services for or in connection with real-time navigation” (Google, 2022a).

!Tickets for the long distance trains ICE, IC, EC can’t be bought in the VGN shop (https:
//www.vgn.de/verbindungen/). But for some season tickets there are upgrades available at a
different transport agency (https://www.vgn.de/tickets/db-zuschlag/#fernverkehr-ic-ec).
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Figure 3.3: A Google Maps query whose resulting journeys do not include bike
trip legs (left) even though the bicycle option is active (right).

3.3 OpenTripPlanner

OpenTripPlanner is an open source multimodal trip planner licensed under LGPL
v3.0 or later. It was initiated in 2009 by TriMet as a collaborative project between
several other transit agencies and developers from major open source journey
planners such as OneBusAway and Graphserver (Byrd & Gran, 2022). Among
other things, this was done with the purpose of sharing the development costs
of complex navigation software, fostering innovation and competition, as well as
gaining wider adoption (TriMet, 2011).

The project has since become a member of the non-profit charity Software Free-
dom Conservancy, which supports the Project Leadership Committee by taking
care of all matters outside of software development and documentation such as
financial and legal concerns. This allows developers to focus on improving the
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software (Byrd & Gran, 2022; Software Freedom Conservancy, n.d.).

Since early stages of development, OpenTripPlanner supports “true multi-modal
trips combining walking, biking and public transit” (TriMet, 2011, p. 12). Thereby
not only Bike and Ride is supported, but also Bike and Transit (Welker, 2011).

Since the release of version 2.2 in 2022, the supported data sources include GTFS
and NeTEx for schedule based public transit, GTFS-RT and SIRI “to apply re-
altime updates on top of schedule data” (Thomas Gran et al., 2022), GBFS for
rental bikes and OSM to create pedestrian and bicycle road networks. Two years
earlier, the routing algorithm used with scheduled transportation was replaced
with a multi-criteria variant of the round-based RAPTOR algorithm wich im-
proves performance and is better suited for dynamic real-time data as it does
not require preprocessing (Byrd & Gran, 2022; Delling et al., 2012). The new
algorithm returns all pareto optimal journeys, that are as such optimal in at least
one of the considered criteria for a given time range. Possible criteria are, among
others, shortest travel time, fewest transfers and a generalized cost function which
can e.g. be used to consider ticket prices (Gran et al., 2023).

Routing of personal transportation modes is done with the A* algorithm (Gran,
2023). There are options for customization here as well. Figure 3.4 shows how a
control triangle in the OpenTripPlanner web interface affects the returned bike
routes. Choosing a high safety value yields the green route that runs along a bike
path in the river valley. Whereas if more weight is placed on speed and flatness,
one is guided along the red route following the main road instead.

OpenTripPlanner has an integrated web client, but the focus is on using it as
a backend service. As such, it offers a RESTful and, via extension, a GraphQL
API (Gran et al., 2022). The web interface, with its pop-ups visible in Figure 3.5,
is not aimed at end users but rather offers the operators of an OpenTripPlanner
server the opportunity to try out and adjust the configuration parameters for the
target region.

Overall, with OpenTripPlanner there is an open source route planner with strong
multimodal functionality that supports common open data standards and can be
configured well with regard to cycling. Multiple transit agencies around the
world use OpenTripPlanner as backend service in their productive environment
in combination with custom frontends (Byrd et al., 2023). In the next section we
look at one of these software solutions.

3.4 Digitransit

The Digitransit platform is developed by Helsinki Regional Transport Author-
ity (HSL). It “combines open-source components into a route planning ser-

23



3. Existing Software

PSteinach

Trip Options i
Start:  [(49.51262, 10.97478) | v
{ End:  [(49.48959, 10.98684) |~
(Depart v [ 2:09pm || 04/18/2023 |
Travel by: [ Bicycle Only @ ]
< Quick: 65%
—i‘v Flat: 25%
% B Bike Friendly: 10%
3
o Show Filtered Itineraries: []
" Additional parameters:
y l ur
Finkenschlag
4 V.
Plan Your Trip
4
) é‘;{r uptstr
nes:Heir Stadtischer NG ptese 2

Figure 3.4: Two bicycle connections resulting from different search parameters
in OpenTripPlanner. Copyright of map data and tiles by OSM contributors.

vice” (Malkki & Lappalainen, 2022). The source code of the entire project,
including the build process as well as the resulting Docker images used in produc-
tion, is public. But in some places, such as the code repository OpenTripPlanner
data container, license information is missing (HSL, 2023).

The core components of the platform are OpenTripPlanner, Pelias, a map server
and Digitransit Ul. The geocoder Pelias is used for searching and resolving
addresses and places into coordinates in order to pass them to OpenTripPlanner
for navigation requests. Digitransit Ul is a self-developed responsive web interface
that offers multimodal navigation with private or rented bike, walking and public
transit based on the APIs of the other two services. It is dual licensed under
EUPL v1.2 and GNU AGPLv3.

In the settings, walking and cycling speeds can be adjusted and the different
modes of transportation can be selected. Furthermore, additional information
can be displayed on the map, such as public stops or bike rental locations with
their current capacity.

Journeys with rental bikes are integrated into the normal results. On the other
hand, trips that include legs with private bicycles are grouped separately. Fig-
ure 3.6 shows a search query with no stops in the immediate surroundings. The
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Figure 3.5: Search results in the web interface provided by OpenTripPlanner.

fastest connection by public transport takes 30 minutes, which includes renting
a bike from a dock and returning it at another node. Cycling the entire route
takes only 12 minutes. In this example, the Bike and Ride trips are not suitable.
They are accessible via the bike icon with the green train, but take 44 minutes
to reach the destination — the same amount as if one would walk.

Overall, Digitransit is an open source platform that uses OpenTripPlanner for
multimodal routing. The web interface is user-friendly and supports multiple
bike modes including Bike and Ride and Bike and Transit.

3.5 Stadtnavi and Bbnavi

stadtnavi is a model project of the city Herrenberg that was developed as part
of the Clean Air program of the German Federal Ministry for Digital and Trans-
port (Reith, n.d.). It is based on Digitransit Ul which has been extended by
several features, such as map layers for car and bike parking, charging stations,
and bike repair locations.
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Figure 3.6: Multimodal search results in Digitransit Ul. Copyright of map data
by OSM contributors.

As project leader Jana Zieger (2022) wrote in a post on Urban Digital at the end
of 2022, the long-term plan is to create an operator model including participating
municipalities and transit agencies. However, since federal funding ended in
2021 (Reith, n.d.), further development has been slow. There are rarely new
commits in the code repository of the Digitransit Ul fork, which is now 1500
changes behind (GitHub, Inc., 2023; stadtnavi, 2023).

Based on stadtnavi, there is the pilot project bbnavi in Brandenburg. It is
currently funded by the DigitalAgentur Brandenburg GmbH (DigitalAgentur
Brandenburg GmbH, n.d.-b). Whether it will later become a regular project
and how it will be financed is still open (DigitalAgentur Brandenburg GmbH,
n.d.-a). At present, it is being actively developed and many of the changes in
Digitransit UI have been integrated into their fork (bbnavi, 2023).

Both projects show that there are efforts in Germany to offer open-source al-
ternatives to the established proprietary journey planning solutions and to boost
public transport through innovation. In doing so, the data situation is one of
the difficulties the municipalities face. For example, bbnavi does not yet dis-
play real-time public transit information (DigitalAgentur Brandenburg GmbH,
n.d.-b), even though this is supported by Digitransit Ul and OpenTripPlanner.
The reason for this is that real-time information from the Berlin-Brandenburg
transport association is not published as open data. Instead, you can either use a
proprietary HAFAS API or get access to a REST API on request (VBB Verkehrs-
verbund Berlin-Brandenburg GmbH, n.d.). But also in local matters, such as the
allocation of charging stations, care must be taken by municipalities to ensure
that these have open interfaces with data about their location and occupancy
in order to visualize them on a map (RESET gemeinniitzige Stiftungs-GmbH,
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2023).
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4 Requirements

This chapter presents the functional and non-functional requirements that shall

be fulfilled by the multimodal journey planner created as part of this thesis.

4.1 Functional Requirements

To be able to refer to functional requirements, these are numbered and prefixed
with “F”.

F1:

F2:

F3:

Door-to-Door Journey Search

As a user that needs to visit a new place, I want to use an application
to search for journeys by public transport to get there, so that I don’t
have to manually shift through timetables.

The search is supposed to navigate me from the start address to the
destination address, so I don’t have to manually select a start and
destination stop.

Bike and Ride

As a user who likes to bike, I prefer faster connections that start with
a bicycle transfer to the next train station over slower connections
which begin with a bus ride to the station, so that I spent less time
commuting.

Bike and Transit

As a user who can take their folding bike on public transport, I am
searching for journeys whose first and last transfers are by bike, so
that I can make use of the speed advantage of cycling over walking.
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F4: Journey Overview

As a user who has searched for journeys by bike and public transit, I
would like to have an overview where the most important information
of each proposed journey is visible, so that I can identify suitable
connections.

This should include at least the departure time, the duration of the
journey and the sequence of vehicles.

F5: Journey Details

As a user that has chosen a journey, I need additional information
about it, so that I can be at the right stop or platform on time for
each trip leg.

F6: Bike Route Details

As a user who has selected a journey which includes bicycle routes
unfamiliar to me, I need the directions of the individual bike routes,
so that I can find my way.

To follow longer bike routes either my location should be visible on
a map or there should be an option to share the bike route with a
navigation app of my choice.

4.2 Non-Functional Requirements

To be able to refer to non-functional requirements, these are numbered and pre-
fixed with “N”.

N1: Data Sources

The application should use the chosen data sources as basis for mul-
timodal navigation.

Necessary pre-processing steps of data from the data sources as well
as their import into the application should be part of a data pipeline.

N2: Web Application

The user interface shall be realized as a web application. This allows
the application to be used on most modern platforms in the browser
of choice.
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N3:

N4.:

Nb5:

NG6:

Mobile Friendliness

The user interface should be designed in such a way that it is also
possible to use it on mobile devices with narrow screens.

Documentation and Code Style

The documentation should enable others to use and adapt the applic-
ation.

It should be documented how the individual components and the ap-
plication as a whole can be configured and executed. A uniform code
style should be used within each component and identifiers such as
variable and function names should be well-chosen to improve read-
ability.

Test cases and examples can be part of the documentation.

Testing

New functionalities should be tested using suitable test types. Espe-
cially for important aspects of the data pipeline, test cases should be
created and automatically executed on changes.

Configuration and Operation

It should be possible to configure the application for different geo-
graphic regions with other data sources (of the same format) and to
run it on Linux.
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5 Architecture

This chapter presents the technical structure of the developed journey planner,
that was chosen to fulfill the requirements. First, the division into a web-frontend
and several computationally intensive back-end services is motivated, and their
responsibilities are thereafter explained. Next, the structure of the data pipeline
necessary for importing data from the data sources is described. Finally, an
example is given of how a public instance of the trip planner can be operated and
how it can be scaled.

5.1 Underlying Architecture

The main architecture of the application results from the requirements as defined
in the previous chapter.

Since the calculation of multimodal travel suggestions is computationally intens-
ive and the necessary data from the data sources is quite large (3.8 GB for the
German OSM extract (Geofabrik GmbH, n.d.)), an implementation as a pure
client-side web application (N2) does not make sense in this case. Instead, a
split into a client-side user interface that manages the application state com-
ing from user interaction and several backend services for the compute- and
memory-intensive tasks is appropriate. The front-end communicates with the
other services via APIs and uses them to answer search queries and represent
the results. The services include calculating multimodal travel options (F2, F3),
address search (F1), and providing a map (F6).

For this purpose, a data pipeline is used to download raw data from OSM and
the GTFS feed of the VGN, prepare it for the individual services and import it
into them (N1).

5.2 Runtime Services

Figure 5.1 shows the data flow in the final application, which reflects the pre-
viously described division into a frontend, several backend services and a data
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Figure 5.1: Flow of information from data sources until the user.

For the individual components, existing software from various open source pro-
jects was used. Which component is responsible for which part of the travel
planner is explained in the following subsections.

5.2.1 Digitransit Ul as Frontend

The web interface Digitransit Ul is used as front end. It is a part of Digitransit
platform, which HSL operates for various regions in Finland. The possibilities for
searching multimodal travel routes with Digitransit have already been explained
in more detail in section 3.4.

By reconfiguring Digitransit UI, most of the platform’s services have been omit-
ted, resulting in the interface requiring only three more services: OpenTripPlan-
ner is used for route calculation, Pelias is used to answer address queries, and a
raster and vector tile server is used for displaying the interactive map. For the
latter, the map server tessera used by Digitransit was replaced with Tileserver

GL.
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5.2.2 OpenTripPlanner as Router

OpenTripPlanner is used by Digitransit Ul via the GraphQL interface for rout-
ing requests between two points given as coordinates and for loading a transit stop
map overlay. More details about the supported navigation modes of OpenTripPlan-
ner have already been given in section 3.3.

5.2.3 Pelias as Geocoder

In the trip planner user interface there is a possibility to search for start and
destination addresses. While entering these, possible addresses and stop names
are suggested. Alternatively, a start or destination can be selected directly on

the map, whereupon a nearby address is inserted into the corresponding input
field.

All these three aspects are implemented with forward geocoding (converting an
address to coordinates), backward geocoding (mapping nearby addresses to co-
ordinates) and the address autocompletion of Pelias.

Figure 5.2 shows how the individual services of Pelias are integrated into the
overall data flow of the journey planner.

Digitransit Ul

Elasticsearch ] i

Data Pipeline

Figure 5.2: Microservices of Pelias.

The Geocoder is composed of several microservices in a modular way: The in-
terface is provided by the API service, which answers queries using an Elastic-
search database and the four additional services Libpostal (parsing addresses),
Placeholder (relationship between administrative areas), Point-in-Polygon (PIP;
reverse geocoding related calculations) and Interpolation (estimating locations of
addresses missing in the database; see Figure 5.3).
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Figure 5.3: Visualization of address interpolation done by the Pelias Interpol-
ation service.

5.2.4 Tileserver GL as Map Service

Because this map covers a large region, it is divided into a uniform grid of square
tiles and only the tiles needed for the visible map section at the current zoom
level are requested from Tileserver GL.

If the client supports WebGL, vector tiles and an accompanying map style are
requested. These are then used to render the map section on the client side,
which enables continuous zooming between the predefined zoom levels of the
tiles. Alternatively, Digitransit Ul requests the tiles as rendered images. These
raster tiles can be displayed by the client with less computational effort.

5.3 Structure of the Data Pipeline

The services of the journey planner operate on the basis of timetable, address and
road data. In order to prepare raw data from the data sources for the individual
services, to convert it into a suitable data format and to import it into the services,
a special process is required. Since this procedure is quite comprehensive, it has
been divided into several steps, which together form the so-called data pipeline.

The steps of the pipeline can be grouped into three phases: First, current data
is downloaded from the data sources, then it is processed, and finally, filesystem
images are created for each service containing the application and required files
from the pipeline.

The individual steps of the processing phase all follow the same scheme and can
be supplemented or replaced by further steps and in some cases also omitted.
The following types of pipeline steps can be distinguished, each mapping input
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files of one format to output files of the same or another format:

e Files a of one format A are converted to another format B, or in other words
files b are generated from files a.

f:A—Bwith A#B
e Files of one format are filtered and stay in the same format.
g: A— A

e By combining files a with additional information b, they are extended or
enhanced and stay in the same format A.

h: (AB) — A with A #B

e Multiple files (aq, as,...) of the same format A are merged into one single
file a.

i: {(a1,a9,...)|a; € A} — A
Figure 5.4 shows the data pipeline as a whole. On the left it is visible that

Y I

W-}Download o) Process = .
_ and }[ Pelias
import
N
S———1>Download °
GTFS Compute
~— transport —o}[OpenTripPlanner]
Y : twork
Filter networ
W—)Download - by area [®
~ Generate map —o}[ Tileserver GL ]

Figure 5.4: Key steps in the data pipeline.

in addition to the OSM extract for Germany and the GTFS feed of the VGN,
raw data from the Who’s On First project! is also downloaded. This is neces-
sary for importing OSM data into Pelias, which is discussed in more detail in
subsection 6.3.2.

Furthermore, it is shown that in a filter step the OSM data is trimmed down
to the region of the VGN, which results in fewer computations to be performed
in subsequent pipeline steps and smaller files generated for the three backend
services.

Thttps:/ /www.whosonfirst.org/
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5.4 Reverse Proxy

The interfaces offered by the individual services are all based on unencrypted
HTTP. To offer a public instance of the journey planner that can be reached
securely over the Internet, a reverse proxy can be placed in front of the services
of the back end, which accepts encrypted requests via HT'TPS and forwards them
to the right service of the journey planner based on their destination address.

Figure 5.5 shows how the trip planner can be operated on a server in this way.
When a user accesses the website in their browser, the web application files are
first transferred (1). Then, the interface is executed client-side and, based on the
user’s interaction, further requests are generated, such as loading vector tiles of
the map (2) and reverse-geocoding coordinates after a user has selected a starting
point on the map (3).

Y Digitransit Ul ]

. |Reverse P

. | proxy (OpenTripPlanner) i w!

(1) : <
@
=

(2>(3) : ;[{ Pelias ]JJ .
R N b
K—){ Tileserver GL | &

Figure 5.5: A reverse proxy forwarding requests to different services.

5.5 Scalability

Since the multimodal route calculations of OpenTripPlanner are computationally
intensive and requests to the back-end increase in proportion to the number of
users, it is worthwhile to consider the scalability of the trip planner.

The state of the web application is managed solely by the front-end, which runs
in the user’s browser. Without any adjustments to the individual services, this
allows for vertical scaling — adding more processing power to the back-end server —
as well as horizontal scaling: Multiple servers can be run and the load distributed
between them.

At first, it is usually easiest to scale the backend vertically as a whole. When
running on a virtual server with Google Cloud Run, for example, this can be done
with few steps on the management interface.? Next, the individual services can
be scaled out to dedicated servers, and as soon as adding more processing power

Zhttps://cloud.google.com /run/docs/configuring /cpu#setting
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to a service is no longer economical or possible, multiple instances of that service
can be created and the requests split among them. In the example of Google
Cloud Run, this becomes necessary once the maximum of 8 virtual CPU cores®
is reached.

Figure 5.6 gives an example where two OpenTripPlanner instances are running on
dedicated servers separately from the other services. It only requires configuration
of the reverse proxy to split incoming routing requests between the two instances.
Because the reverse proxy is still the central point for receiving requests from the
front end, such a restructuring is completely transparent to the front end.

Digitransit UI ]

2%

Reverse < P E

Front-End proxy Pelias ]JJ §
[ Tileserver GL ] =

OpenTripPlanner] =

+—»{ OpenTripPlanner | E

Figure 5.6: Possible setup with load balanced OpenTripPlanner.

3https://cloud.google.com /run/quotas
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6 Design and Implementation

This chapter presents important aspects of the implementation of the journey
planner and the technologies used. It also explains the difficulties that arose
during the configuration of Digitransit Ul and the additional handling of the
data sources that was necessary due to technical shortcomings of the latter.

6.1 Codebase

The source code of the journey planner is distributed across several Git reposit-
ories, which are publicly available on GitHub.

Since this project is largely powered by the routing functionality of OpenTripPlan-
ner while placing a focus on bike modes, it has been named BikeTripPlanner and
the associated demo instance has been released at https://biketripplanner.de.
The main repository! contains the files necessary to run the data pipeline and
launch the application.

The interface was initially customized by forking stadtnavi/digitransit-UL In the
further course, however, a switch was made to the more recent version of the
Digitransit platform itself, on whose v3 branch the final result? is based. Fur-
thermore, to create a tileset for the map, a bicycle-specific map style was forked?
and a Python script? was created for a pipeline step that makes corrections to
the GTFS feed.

6.2 Containerization

The services of the BikeTripPlanner and the tools used in the data pipeline are
written in different programming languages and require different runtime envir-
onments. To simplify the installation of the individual software components, they

thttps://github.com/langbein-daniel /BikeTripPlanner
Zhttps://github.com /langbein-daniel /digitransit-ui
3https://github.com /langbein-daniel /cyclo-bright-gl-style
4https://github.com/langbein-daniel /gtfs-modifications
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were containerized with executable images that contain the programs with all the
dependencies they require. With the help of the Docker Engine® either the of-
ficial Docker images of the services are used for this purpose or, in the case of
Digitransit UI, they are created from a customized Dockerfile.

Containerization allows, for example, some of the Pelias services to be based
on Node.js 12¢ while Digitransit UI will soon be updated to Node.js 147 or 168,
regardless of which version is installed on the host system. Furthermore, it brings
isolation of the services from each other, which need to be explicitly connected in
order to communicate with each other, e.g. via shared volumes or by attaching
them to common networks.

To manage image creation and container startup, Docker Compose? is used. This
allows defining the containerized services in a Compose file (docker-compose . yml)
including the steps necessary to build the associated container images. Thereby
variables from an additional .env file are taken into account, which forms the
basis for the central configuration of the BikeTripPlanner and is described in
more detail in section 6.6.

Due to the service and variable definitions, controlling the journey planner is pos-
sible with fewer and shorter commands. To start all of its services, for example,
only the command

sudo docker compose up -d --wait
is needed.

The data pipeline utilizes containerization as well, as described in the following
section.

6.3 Realization of the Data Pipeline

The download of raw data from the data sources, the individual processing steps
and the creation of data images, each containing the application of a service with
required files, has been implemented with several Dockerfiles. These contain
instructions to create a new image from one or more existing Docker images and
are referenced in the Compose file.

Shttps://docs.docker.com /engine/

Shttps://github.com /pelias/docker-baseimage /blob/eal9fa55219782cabc5f2e638cebfeabTfeab79/
Dockerfile#L32

Thttps://github.com /HSLdevcom/digitransit-ui/pull /4545 /files#
diff-dd2cOeb6eabcfc6cdbd4eac30934e2d5746747af48{ef6da689e85b 75239557

8https://github.com /HSLdevcom /digitransit-ui/pull /4776 /files#
diff-dd2cOeb6eabcfc6cdbd4eac30934e2d5746747af48fef6da689e85b 75239557

9https://docs.docker.com /compose/
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In the download phase of the pipeline, the Dockerfile command
ADD <URL> <DESTINATION_PATH>

downloads raw data and stores it in a container image. The processing steps of
the pipeline are implemented as multi-stage Docker image builds that use input
files from the previous pipeline steps (Docker build stages) with the command

COPY --FROM=<IMAGE> <SOURCE_PATH> <DESTINATION_PATH>

and whose output files are stored in the resulting Docker images. Last, the files
required by a service are added to the application image, again using the COPY
command. In some cases, as for example with OpenTripPlanner, this last step
was integrated into the last processing step specific to a service as this way a
short Dockerfile with only one COPY command can be omitted.

The advantages of this approach of implementing the data pipeline by building
multiple Docker images is explained in the following subsection based on the
generation of the bicycle friendly map. This is followed by an explanation of why
it was necessary to deviate from a pure Docker multi-stage build in the pipeline
step for the Pelias geocoder. Finally, the realized data pipeline is shown with its
extension possibilities.

6.3.1 Map Generation

Digitransit UI uses map tiles according to the Mapbox Vector Tile Specification'’
and renders them to images with a Mapbox style''. The generation of a vector
tileset and the map style files consists of several intermediate steps. For this
purpose, a fork of the bicycle-specific OSM Cyclo Bright map style was created
and supplemented with a Makefile, allowing it to be used independently of this
project as well.

The vector tiles are created with Tilemaker!'? from the OSM map section of the
VGN. Tilemaker is included in the Debian 12 and Debian Unstable releases, but
it is not yet available in the Debian Docker image (debian:stable-slim), which is
still based on Debian 11. Furthermore, the program spritezero used to render the
map style icons is not available in any Debian release.

To generate the map on a Debian system without containerization, or based on
the Debian Docker image, a compilation of both tools would be necessary, which
brings additional maintenance effort. By implementing this pipeline step with
multiple stages in one Dockerfile, this is avoided: First, the icons are rendered

Ohttps://github.com /mapbox/vector-tile-spec
Hhttps://docs.mapbox.com /mapbox-gl-js/style-spec/
2https: / /packages.debian.org/sid /tilemaker

43


https://github.com/mapbox/vector-tile-spec
https://docs.mapbox.com/mapbox-gl-js/style-spec/
https://packages.debian.org/sid/tilemaker

6. Design and Implementation

based on the openmaptiles-tools Docker image'® where spritezero is pre-installed.
Then Tilemaker is compiled with the Dockerfile included in its source code!?
and the ready rendered icons are copied from the previous build stage with
COPY --from=sprites /build build/sprites. In the following execution of
the Makefile to generate the tileset, the presence of spritezero is no longer neces-
sary.

The ability to run different tools in different Docker images as used in this pipeline
step shows the advantages of the containerized data pipeline. Running it natively
on the host system would require a more steps to install dependencies and then
compile both tools. In addition, Docker caches the individual build steps, which
means that when the pipeline is run again, e.g. after an update to the OSM
region, the static icons are not rendered again.

6.3.2 Pelias Data Import

As we showed in subsection 2.3.3, some buildings are missing in OSM or are not
provided with complete addresses including house numbers. To solve this problem
Pelias offers the possibility to add OpenAddresses as a collection of authoritative
address data. However, in contrast to the neighboring state of Thuringia, there
is no official data set for Bavaria available in OpenAddresses, which is why we
did not include this data source in the pipeline.'®

Apart from OpenAddresses, the data source Who’s On First is a prerequisite for
data import into Pelias. It is used to complete geographic hierarchies between
places. Such administrative information as the associated locality or zip code of
places is often missing in OSM.

To import addresses from OSM augmented with Who’s On First into the geo-
coder, Pelias has a script that uses Docker Compose to start an Elasticsearch
database container and then runs commands in the microservices containers and
in special import containers to download, process and import the data.

We did not find a way for commands executed while building a Docker image
to access another locally running container (here: Elasticsearch). Therefore, this
pipeline step deviates from a Docker multi-stage build. Instead, analogous to
Pelias’ helper script, an Elasticsearch database container is started first and then
only the download and import commands of the script are executed in different
containers, which are responsible for importing from OSM and Who’s On First.
By mounting a folder in the containers, they operate on shared data and the
output files are stored on the host system. In doing so, we avoided using the help

B3https://github.com/openmaptiles /openmaptiles-tools#docker-images

YMhttps://github.com /systemed /tilemaker /blob /master /Dockerfile

https://github.com/openaddresses/openaddresses/blob /master /sources/de/th /statewide.
json
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scripter directly because, according to the associated README, it needs to be
installed on the Docker host!® and for Digitransit UI, an additional import step
for stop names from the GTFS dataset!” was required anyway.

The possibility to implement individual pipeline steps also in another way shows
how flexible the data pipeline is. It is sufficient that one or more output files result
after a step, which can be copied back into an image with the ADD command of
a Dockerfile to be used as input by further pipeline steps.

However, the alternative approach chosen for Pelias has the disadvantages that
the individual steps are not cached and are therefore executed again on each
pipeline run. Also, this pipeline step consists of 32 shell commands vs. a single

sudo docker compose build <NAME>

command.

6.3.3 Extension Possibilities

Due to the alternative approach of the Pelias data import, which prepares data
for all microservices of the geocoder in a single pipeline step, as well as necessary
corrections of the GTFS feed, a representation slightly differing from the archi-
tectural perspective results when considering the realized pipeline steps. This
is illustrated with further steps that can be added to the modular pipeline in
Figure 6.1.

For the data of the VGN it was necessary to add the GTFS-modifications step,
because some values in the CSV tables of the GTFS feed contain unescaped
special characters ("), which lead to errors during the data import into Pelias.
The Python script of the GTFS-modifications step corrects them automatically,
but the fact that such technically simple format errors exist surprised us.

In the same step, the field bikes allowed is added and set to true since it is not
included in the VGN dataset. This field marks for the individual vehicles whether
carrying a bike is allowed and is taken into account by OpenTripPlanner during
routing, which has the consequence that no Bike and Transit connections are
suggested if this field is missing.

If these modifications are not needed when using other data sources, the step as
a whole can be omitted, because its input format is the same as the output file
format.

Furthermore, it can be seen on the diagram that an input option is not used
so far when generating the navigation graph of OpenTripPlanner: By using an

https://github.com/pelias/docker#installing-the-pelias-helper-script
Thttps:/ /github.com/HSLdevcom /pelias-gtfs
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Figure 6.1: Implementation of the data pipeline (top) with possible extensions
(bottom).

optional GeoTIFF file that contains elevation profile data, the slope in the terrain
can be taken into account when generating the graph. With available elevation
information, OpenTripPlanner can calculate more accurate travel times and avoid
climbs for foot and bike paths. Such digital elevation models are available as open
data e.g. from SRTM!® or from the European Space Agency (Copernicus DEM*).

In the lower half of the figure extension possibilities are illustrated. Besides
downloading and merging individual tiles of a DEM, two further modification
steps for the GTFS feed are shown there: By filtering by the area of the VGN,
the dataset can be reduced and by adding detailed routes of individual vehicles,
their trip legs can be better visualized in Digitransit Ul.

Such route shapes can also be part of a GTFS feed in the first place, but are
missing in the VGN dataset. Since they are usually well mapped in OSM, there
are special tools that add this information from OSM to a GTFS dataset. How big
the visual difference can be is shown in Figure 6.2, which compares the displayed
route of a bus line in BikeTripPlanner with the OSM based OPNVKarte.

18https:/ /www.earthdata.nasa.gov/sensors/srtm
Yhttps: / /spacedata.copernicus.eu/collections/copernicus-digital-elevation-model
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Figure 6.2: Visualization of a bus route in BikeTripPlanner (left) and on OPN-
VKarte (right). Copyright of OPNVKarte map tiles by MeMoMaps. Copyright
of map data by OSM contributors.

6.4 Container Healthchecks

With Docker’s HEALTHCHECK?® command, it is possible to store a command
to be executed regularly in containers, whose return value and execution duration
gives Docker information about the state of the container.

Healtchecks were applied to all BikeTripPlanner services so that Docker can de-
tect overload or failure of them. In addition, a healthcheck was needed for the
Elasticsearch database so that when Docker Compose starts the geocoder, it waits
to create the Pelias API service until Elasticsearch is not only created and star-
ted, but also responding to queries. Otherwise, the Pelias API service queries the
database for existing layers at startup and if it is not yet accessible, it does not
learn about the layer with the stop information from the GTFS import.

The healthchecks are designed to be a bit more extensive than strictly necessary
for checking the state of a service, as it would be possible for OpenTripPlan-
ner e.g. with a simple call of the /health endpoint?!. Instead, in the case of
OpenTripPlanner, a GraphQL query is made every 15 seconds for the names of
all transit agencies from the GTFS dataset and it is asserted that the VGN is
included in the result. In this way, the healtchchecks additionally serve as E2E

20https://docs.docker.com /engine /reference /builder /#healthcheck
2https://docs.opentripplanner.org/en/dev-2.x /sandbox/Actuator API/
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tests of the live system, detecting gross errors originating from data import (or
a too early start of Pelias API).

6.5 Digitransit Ul Customizations

Digitransit Ul is the central component of the Finnish Digitransit platform. In
order to use the web interface for BikeTripPlanner, it was reconfigured for a
different region with different map, geocoder and routing services and some of
its options were disabled. This section gives an overview of the configuration
possibilities of Digitransit Ul and describes how adjustments were difficult to
make due to lack of documentation.

Digitransit Ul is an npm package.?? In package.json various scripts are defined for
developing, building, testing and starting the web interface productively. How to
add a new configuration to the source code with the add-theme script is explained
in the docs folder?® of the project. Using it, a configuration abbreviated with btp
was created, which at its core consists of the two files app/configurations/btp. js
and sass/themes/btp/_theme.scss.

Further instructions on how to adjust values in these configuration files are not
provided.

6.5.1 The Configuration Object

The JavaScript configuration file exports an object, with properties about:
e Localization (languages and time zone)
e The geographical area
e The base URLs of required services
e Possible transport modes and which of them are active by default

Menu subitems with information about the service itself (link to source
code, listing of data sources, privacy policy, ... )

The properties of the configuration object override the predefined values of the
config.default. js file, which contains almost no explanatory comments. This
leads to the need to infer the meaning of configuration options just by the names
of the properties.

22https: //docs.npmjs.com /about-packages-and-modules
Zhttps://github.com /HSLdevcom/digitransit-ui/blob/68e0calccd2eb57f0258496ede8b88bf07d581c3/
docs/Themes.md
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6.5.2 The Property OTPTimeout

An example where this is almost sufficient is the property OTPTimeout. This
has as default value the number 12000 and we assumed that it is the timeout for
routing requests to OpenTripPlanner in milliseconds. To confirm the actual unit
used, the source code had to be searched for usage of the property. Either a short
comment or a more precise naming of the property, e.g. to OTPTimeoutMs,
would be necessary here to avoid possible misunderstandings and subsequent
programiming errors.

The default value of this property is defined by the following program lines:

const OTP_TIMEOUT = process.env.0TP_TIMEOUT || 12000;
export default {

0TPTimeout: OTP_TIMEQUT

/] ...

¥

Attempts to pass a higher timeout via the OTP_TIMEOUT environment vari-
able when starting Digitransit Ul resulted in errors. Upon subsequent review of
the source code, it was determined that this is caused by a programming error:
The function call process.env.0TP_TIMEQUT returns the value of the environ-
ment variable as a string, but the OTPTimeout property is reused elsewhere as
number. Therefore, it is necessary to parse the read value as number first. This
has been fixed in the BikeTripPlanner’s configuration and a patch for this bug
will be provided to the developers of Digitransit soon.

6.5.3 The Property Feedlds

The most difficult to adapt was the property feedlds, whose value in the existing
configuration files is usually set to the name of the respective configuration (e.g.
[’0ULU’] for the region around the Finnish city of Oulu).

In the btp configuration the value is set to [?1°]. This causes Digitransit UI to
request from OpenTripPlanner the stop map overlay of the transit feed with ID 1.
Correspondingly, OpenTripPlanner is configured to set the ID of the imported
GTEFS feed to 1. If the two values do not match, no stops can be selected on the
map and no transit lines can be displayed. Furthermore, when searching for stop
names with Pelias, Digitransit Ul filters for results originating from the gtfsi
data source. In order to have such results, the --prefix 1 option must be used
beforehand when importing GTFS data into Pelias because the data source listed
in Pelias is otherwise just named gtfs.

Filtering OpenTripPlanner and Pelias by transit feeds is not required by this
project which has only one Digitransit Ul instance. However, since there are
multiple local instances running in the Digitransit Platform, such a distinction
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makes it possible to use common OpenTripPlanner and Pelias services with dif-
ferent frontends.

To make our Digitransit Ul configuration usable for regions other than the VGN
without any source code modification and recompilation, we read several values
from environment variables at application startup. How this is implemented in
detail is described in the later subsection 6.6.1.

6.5.4 Theming

In order to support users of the journey planner in recognizing the different types
of vehicles, the Digitransit UI theme was adapted to the colors contained in the
VGN GTEFS feed. This was done by setting the colors property in the configura-
tion object and adjusting the color values of the style sheet in sass/themes/btp/_theme.scss.

This causes that in the itinerary overview and on the map e.g. buses are shown in
the red and commuter trains in the green tone, which is also used by signage at
public transport stops. Figure 6.3 shows the result in comparison with the web
version of the VGN journey planner.
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Figure 6.3: Comparison between a themed Digitransit UI (left) and the VGN
journey planner (right).

6.6 Central Configuration

It takes substantial effort to adapt the Digitransit Platform with its various ser-
vices as well as the tooling to run the data pipeline and build the containers to
a region outside Finland, because the individual components are configured in
different ways and it is necessary to make changes to the source code in multiple
of the associated Git repositories.
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The BikeTripPlanners uses only two components developed by Digitransit Plat-
form itself, Digitransit Ul and the Pelias GTFS Importer, so the configuration
scope is smaller. But as shown in the previous section, a configuration is still not
easy.

Therefore, in the process of customizing to the VGN region, care was taken to
provide good documentation of the parameters used and to bundle important
aspects of the configuration. For this, a top-level .env file is used whose variable
definitions are taken into account by Docker Compose during the data pipeline,
for creating the application and data images, and for starting the services. This
allows that only by modifying one configuration file, the trip planner and all its
components can be used with other data sources (of the same format) and in a
different geographic region.

6.6.1 Bounding Box

One configuration option that affects several components of the journey planner
is the bounding box defined in the .env file. It consists of four coordinates
describing the vertices of a rectangular geographical area and encloses the area
of the VGN with the following values:

MIN_LON=10.011636032586688
MAX_LON=12.223993889052613
MIN_LAT=48.70792025947608
MAX_LAT=50.25793688217101

Digitransit uses the bounding box, among other things, to set the center of the
VGN as the initial cutout for the map. To get the information there, the variables
in the Compose file are passed as arguments to the Dockerfile used for building
the Digitransit Ul Docker image:

version: ’3.9’
services:
digitransit-ui:
build:
# Git repository containing Digitransit UI Dockerfile
context: ${DOCKERFILE_DIGITRANSIT_UI}
args:
MIN_LON: ${MIN_LON}
MAX_LON: ${MAX_LON}
MIN_LAT: ${MIN_LAT}
MAX_LAT: ${MAX_LAT}

Subsequently, four environment variables are set to the values of the bounding
box arguments in the Dockerfile of Digitransit Ul:
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ARG MIN_LON
ARG MAX_LON
ARG MIN_LAT
ARG MAX_LAT
ENV MIN_LON=${MIN_LON}
ENV MAX_LON=${MAX_LON}
ENV MIN_LAT=${MIN_LAT}
ENV MAX_LAT=${MAX_LAT}

The environment variables set in the Dockerfile exist in containers created of
the resulting Docker image and can be read by the application at runtime. In
the btp JavaScript configuration of Digitransit UI, this is done by the following
commands:

const MIN_LON
const MAX_LON
const MIN_LAT
const MAX_LAT

parseFloat (process.env.MIN_LON) ;
parseFloat (process.env.MAX_LON) ;
parseFloat (process.env.MIN_LAT);
parseFloat (process.env.MAX_LAT);

Analogous to the bounding box used by Digitransit UI, the assertion about the
name of a transport company described in section 6.4 is also configurable via a
variable in the .env file.

6.7 Reconfiguration to Finland

That we managed to make the trip planner configurable for another region with
little effort is shown by the nationwide example for Finland. It can be applied
by replacing the top-level .env file with examples/Finland/.env. The fact that
the Finnish GTFS dataset is also neither error-free nor comprehensive, and how
the healthchecks were adapted, is described in the following two sections.

6.7.1 Other Data Sources — Similar Problems

In the configuration for Finland, the two primary data sources were replaced
by the Finland OSM export and the nationwide GTFS dataset from Fintraffic,
which is provided under CC BY 4.0.2* With the latter, there were problems when
downloading it with Docker, as the certificate used by the download server was
expired and there were further problems with intermediate certificates. These
errors were quickly fixed after personal contact and in the meantime the latest
GTFS dataset can be automatically downloaded from the pipeline and further
used.

24https://developer.matka.fi/pages/en /home.php
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Furthermore, we were surprised to find that the Finnish GTFS dataset also con-
tains CSV format errors: Lines of the CSV files that contain a field that has a
comma in it have one comma too few elsewhere. This causes them to contain
one field less than other lines, which violates the CSV format: “Each line should
contain the same number of fields throughout the file” (Shafranovich, 2005, p. 3).
This bug has also been fixed after a notice from us.

The optional bikes allowed information is not included in the Finnish dataset
either, so the GTFS-modifications pipeline step is used.

The geographical area was adjusted to match the data sources. To do this, we
used an online tool?® to select a rectangle on a map that encloses Finland as a
whole and then entered the coordinates of the corner points in the configuration

file.

6.7.2 Adapting the Healthchecks for Different Sources

The main effort of adapting BikeTripPlanner to a different region consists of
changing the variables used in the healthchecks of Pelias microservices. For each
service of the geocoder, these specify a request and an expected snippet of the
JSON response, which is used to detect gross data import errors. New values for
the variables can be tested, for example, by starting Pelias locally and accessing
the request URLs in the web browser Firefox, which then displays the resulting
JSON responses.

In the case of the Libpostal microservice, the address [tdinen 5, Helsinki, Fin-
land was selected for the Finland configuration on https://osm.org and inserted
percent-encoded into the request URL:

HEALTHCHECK_LIBPOSTAL_REQUEST=
localhost:4400/parse?address=
I1t%C3%A4inen’,205%2C%20Helsinki%2C%20Finland

The percent encoding is done by Firefox when copying the request URL from the
address bar.

To match the new address, the variable containing a snippet of the expected
JSON response has also been adjusted. Now nirnberg (Nuremberg) is no longer
expected, but helsinki instead:

HEALTHCHECK_LIBPOSTAL_RESPONSE=
’"label":"city","value":"helsinki"’

Z5https://boundingbox.klokantech.com /
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7 Evaluation

This chapter evaluates the implementation of the multimodal journey planner
with regard to the functional and non-functional requirements that were defined
in chapter 4. For this purpose, each requirement is examined individually to de-
termine whether it has been met or which aspects are still missing. Subsequently,
it is reflected how well the selected open data sources are suited for solving the
problem and which difficulties were encountered when working with them.

7.1 Evaluation of Functional Requirements

This section evaluates whether the functional requirements as defined in sec-
tion 4.1 are met.

F1: Door-to-Door Journey Search

Requirement F1 expresses the need for a search for public transport, whereby it
should be possible to enter a start and destination address and receive itineraries
that cover the complete travel route from door to door.

On the BikeTripPlanner homepage, it is possible to search for a journey by public
transport between any two locations in the area of the VGN, using all types of
public transportation operated by the VGN by default. Either addresses can be
entered or points on the map can be selected as the start and destination of a
journey.

Unfortunately, as described in subsection 2.3.3, not all buildings in OSM are
tagged with their full address. In Pfeifferhiitte, as an example, there are whole
blocks of houses with missing house numbers. This means that the geocoder
Pelias cannot estimate a location for many addresses in Pfeifferhiitte — even with
the use of interpolation (see subsection 5.2.3) — and shows the center of the
municipality (Gemeinde Schwarzenbruck) as the result instead.

To summarize, the aspects described in F1 are covered, but with the limitation
that not every address is located correctly. After all, in that case it is still possible

25



7. Evaluation

to manually select the exact location on the map.

Thus, requirement F1 is fulfilled, even if there are local restrictions due to the
underlying data.

F2: Bike and Ride

Requirement F2 describes the user preference for shorter connections: It is pre-
ferred to bike to a nearby train station if this reduces the total travel time.

After a search query the BikeTripPlanner’s overview of suggested itineraries starts
with a row containing up to three icons. The first two lead to direct Walk and
Bike connections, the third one leads to a separate overview of itineraries for the
Bike and Ride and Bike and Transit modes. The icons are only displayed if at
least one connection has been found for the respective transport modes. Below
this row, found Walk and Transit connections are listed.

In Digitransit Ul, Bike and Ride connections are implemented in a way that they
start with a bike ride to a parking facility near public stops. From there Walk
and Transit is used to get to the destination.

By providing both, Walk and Transit and Bike and Ride, itineraries, the user
can compare them and choose a fast connection. If there are parking spaces near
train stations, the Bike and Ride results are often faster than the corresponding
Walk and Transit itineraries.

However, not all train stations have bicycle parking facilities and not all of them
are mapped in OSM. This leads to results in the BikeTripPlanner that are un-
likely to be useful to users. One example is given by the train station Hochstadt-
Marktzeuln which according to the station database (Stationsdatenbank Bayern)
of the Bavarian Railways Company (BEG, 2019) has no bicycle parking at all.
If a starting point close to this train station is chosen, the suggested Bike and
Ride itineraries lead back to the nearest bicycle parking area in the city before
returning back to the station on foot and continuing with the Transit part of the
journey.

As Figure 7.1 shows, this takes approximately 17 minutes longer than starting
directly by train. Here, a more naive implementation of the Bike and Ride mode
would be preferable, where the journey starts by cycling straight to the first
public stop, leaving it up to the user where to park their bike.

Digitransit Ul does not offer such an alternative, but since bike parking is avail-
able at most train stations, requirement F2 is met — with location-specific re-
strictions either due to non-existent bicycle parking or due to missing data in

OSM.
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Figure 7.1: Part of a Bike and Ride journey in Digitransit UL. Copyright of
map data and tiles by OSM contributors.

F3: Bike and Transit

For longer distances, the fastest suggested connections of BikeTripPlanner are
those of the Bike and Transit mode. Figure 7.2 gives an example where the
suggested itineraries from the public library in Erlangen to a bouldering gym in
Nuremberg are compared for the Bike and Transit and Walk and Transit modes.
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Figure 7.2: Comparison of suggested routes by Digitransit Ul for different
transport modes.

However, users must independently verify whether bicycle transport is permit-
ted on the proposed itineraries as this information is not included in the GTFS
dataset of the VGN.

By helping users find bicycle-assisted transit connections, requirement F3 is met.
This said, there are limitations due to the missing data.
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F4: Journey Overview

In the evaluation of requirement F2, it was already described that journey over-
views for the Walk and Transit, the Bike and Ride and the Bike and Transit
mode are part of the BikeTripPlanner. In addition, the previous figure (Fig-
ure 7.2) shows that for each of the suggested itineraries, the departure time,
arrival time, and trip duration are displayed. The results are sorted by their de-
parture time and include the number and type of transport modes encountered,
from which the number of transfers can also be derived.

In this way, all aspects of requirement F4 on the details of a journey overview,
and therefore requirement F4 itself, are fulfilled.

F5: Journey Details

Requirement F5 states that information on finding the correct stops and platforms
of a trip is expected from the journey planner.

When an itinerary is selected in BikeTripPlanner, the user is taken to its detailed
view, where the time spent walking and biking is summarized in addition to the

total trip duration. This can be seen in Figure 7.1 of the evaluation of requirement
F2.

In addition, there is information about the journey segments whose list of inter-
mediate stops can be unfolded. Transfers are divided into a walking distance and
the subsequent waiting time. Both can be seen in Figure 7.3 (a).

Although Digitransit Ul can display platform numbers in the trip details, this
information is not included in the VGN GTFS dataset. While Digitransit Ul also
includes a map view that can show the current location of the device, even with
this it can be difficult to find the correct departure point at larger train stations
— especially due to less accurate localization in buildings and underpasses.

Figure 7.3 (b) shows the transfer of the connection from Figure 7.3 (a) in the
map view. In this case, the footpath leads north out of the station building. If
it went the other way, finding the right platform would only be possible via the
destination boards on site.

Therefore, requirement F5 is not fulfilled due to missing data.

F6: Bike Route Details

While using a smartphone, for example, it is possible to switch from the detailed
view of an itinerary to its visualization on an interactive, bicycle friendly map
that highlights bike specific features such as bicycle parking and roads with bike
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Figure 7.3: Itinerary details presented as text (a) and on an interactive map
(b) in Digitransit UI. Copyright of map data and tiles by OSM contributors.

lanes. In addition, the current location can be shown by touching the circle icon
at the lower right edge of the map, which can be seen in Figure 7.4.

This, together with a cell phone mount, supports navigation along the bike routes
suggested by BikeTripPlanner and fulfills one of the two alternatives of require-
ment F'6. Nevertheless, the additional option to export a journey would be help-
ful, e.g. to use voice guidance in an app specialized on bicycle navigation.

However, this does not affect that requirement F6 is fulfilled.

7.2 Evaluation of Non-Functional Requirements

This section examines whether the non-functional requirements as defined in
section 4.2 are met.

N1: Data Sources

The data sources selected were the GTFS feed of the VGN for the schedule-
based modes and the German OSM export for the personal transport modes. In
addition, a data pipeline was developed to process data from these sources and
import them into the different components of the application.

This means that all aspects of requirement N1 are fulfilled.
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Figure 7.4: Mobile map view of Digitransit UI.

N2: Web Application

With Digitransit Ul a responsive web application was chosen as frontend for the
BikeTripPlanner. It is ECMAScript 2009 (ES5) compliant, which is supported
by all major browsers (Refsnes Data, n.d.) and the use of WebGL is optional.

By realizing the user interface as a web application, requirement N2 is fulfilled.

N3: Mobile Friendly

While on a wide screen the map is visible next to the connection search, the web
application adapts to narrow screens.

The previous Figure 7.4 shows a screenshot of a mobile phone displaying the map
view of an itinerary. It is possible to control the map via touchscreen and mouse-
specific inputs, such as right-clicking, are not necessary. The green smaller sign
at the top left returns to the textual representation of the trip.

Since all functions of the web application can also be used in the mobile version,
requirement N3 is fulfilled.
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N4: Documentation and Code Style

The source code repository of the BikeTripPlanner contains a README file that
gives a rough overview of the different components and data sources used. It
refers to the configuration file, explains how to run the data pipeline and start
the BikeTripPlanner locally. Additionally, a demo instance is referenced to try
out the application and there are examples on how to customize it for a different
region and run a public instance.

Newly added functionalities such as the GTFS-modifications Python script and
configuration via the project-wide .env file are provided with meaningful identi-
fiers and explanatory comments.

Attention has also been paid to a consistent style within the various components,
e.g. the GTFS-modifications script uses the camel case naming convention com-

mon to Python (Rossum et al., 2023) and optional type annotations have been
added.

In this way, all aspects of requirement N4 are achieved.

N5: Testing

For the web interface configuration developed, no tests have been created, because
only existing functionalities are used and instead the existing unit and end-to-end
test cases of Digitransit Ul can be extended.

To generate the map in the OSM Cyclo Bright style, there are two examples for
Finland in addition to the map section of the VGN. However, these have to be
tested manually, executable test cases do not exist.

Also for the Python script, which offers a good opportunity for unit testing, no
test cases have been created yet.

For the data pipeline, the focus was on ensuring that it could be easily automated
and integrated into automated workflows, e.g. as part of continuous deployment.
That being said, automated execution and subsequent testing of the pipeline
results have not yet been implemented.

At least basic end-to-end tests have been created through container healthchecks,
which check the presence of certain values in the imported data. With the com-
mand make build test a new run of the pipeline is started, and after it com-
pleted new containers are created and their healthchecks verified. This allows
updating the data with a subsequent rough system test.

Overall, important aspects of the data pipeline are already checked, but an auto-
matic execution of it is not yet done and the Python script is missing unit tests.
Therefore, requirement N5 is not fulfilled.
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N6: Configuration and Operation

The BikeTripPlanner can be adjusted for other regions and data sources (of the
same format) through a top-level .env file. By creating data images for each of
its services and providing Docker Compose project files, it is possible to start
the application either locally or publicly accessible through domain and HTTPS
certificates with a few commands on most Linux systems.

This satisfies all aspects of requirement NG6.

7.3 Evaluation of Chosen Data Sources

The conclusion on the selected data sources is mixed and is described in more
detail in the following two subsections. This is followed by a summary of how
more of the functional requirements could be met with better data.

The import of data from OSM worked seamlessly and stands out due to its high
level of detail. However, the quality of the community-maintained database is
strongly location-dependent. The GTFS feed on the other hand comes directly
from the transport association and therefore has the advantage of completeness
and accuracy of the included data, but there is important information for route
planning that is not part of the dataset and we had to fix technical format errors.

OpenStreetMap

Integrating the daily updated German data extract from OSM into the route
planner worked without any problems.

Regarding this application, OSM stands out as a data source with many details
that are helpful for route planning. Due to available information about driving
directions, different types of bike paths and signposted bike routes, a bike-friendly
navigation is possible. The navigation is furthermore enhanced by highlighted
bike paths on the generated map as well as by marked parking spaces for bicycles.
Pedestrian navigation also benefits from the details and takes into account, for
example, entrances to buildings and paths within larger station facilities.

With the geocoder, however, the weaknesses of the community-maintained data-
base were also apparent: The data quality is strongly location-dependent. Espe-
cially in rural areas, many addresses are incomplete or missing completely. As
a result, some addresses can only be located very roughly or not at all when
searching for them.

More dynamic information, such as temporary construction sites, can also be
entered in OSM, but the database is never completely up-to-date here, because
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community members must first become aware of something and then add it to

OSM.

There are many possible use cases for OSM, but ideally it should be used in
conjunction with other data to detect possible mistakes or to fill larger gaps
of the data set. For this purpose, the geocoder uses the additional data source
Who's On First to complete the geographic hierarchies of the included places. For
address data from OSM, this would be possible analogously with OpenAddresses,
but this data set does not cover Bavaria.

GTFS Feed of the VGN

On the positive side, the VGN’s GTFS feed can be accessed without a login,
which allowed for easy integration into the data pipeline using the ADD command
in a Dockerfile. However, the dataset contains format errors that need to be fixed
before further processing is possible.

Unlike OSM, the feed’s data comes directly from the producer, the VGN trans-
port association. Therefore, the dataset can score with high completeness and
accuracy: All public stops of the VGN are included and the stops of the means
of transport are precisely located. Only the infrequent annual update could be
improved at this point to include temporary schedule changes.

However, the data set lacks important information about bicycle transport in
the individual means of transport and the platform numbers, which limits the
fulfillment of the functional requirements, as well as price information that could
also be taken into account during route calculation.

Overall, we see it as very positive that the VGN already makes some static data
openly available and would like to see the GTFS dataset being expanded even
further as well as updated more frequently.

Impact of Higher Quality Data

Although the two data sources still have room for improvement, it was already
possible to develop a journey planner that is very suitable for finding bicycle-
supported connections in the VGN area. Still, route planning could be improved
if more information was available. As Table 7.1 shows, all but one of the functional
requirements are already met with the current data sources. However, 4 of the
6 requirements have limitations due to the data situation. With improved data
quality and the addition of missing information, all but one requirement could
be met by the BikeTripPlanner.
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Requirement | Status | Status with improved data
F1 VED v
F2 V¥ 9 VED
F3 v ¥ Ve
F4 v v
F5 X*1 Ve
F6 v v

x1: Restrictions due to data quality or missing data.
xo: Restrictions due to non existent bike lockers and missing
unsafe parking option.

Table 7.1: Fullfillment of functional requirements with and without improved
data.
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& (Conclusions

This work shows that it is possible to create a multimodal journey planner using
open data, which not only demonstrates as a prototype that bicycle connections
can be integrated into public transport, but even realizes this in a user-friendly
way.

After first selecting OSM and the GTFS feed of the VGN as open data sources
for this purpose, functional and non-functional requirements were then defined
to be met by the web application covering the region of the VGN. For the
implementation, the existing open source components OpenTripPlanner for route
calculation, Digitransit Ul as web interface, Pelias as geocoder and Tileserver GL
as map service were selected. Using a containerized data pipeline, the current
data from the data sources can be processed and imported into the respective
services. The resulting Docker images contain the application of the different
services bundled with all required data and can be published via a container
registry. Through containerization, it is possible to launch the trip planner with
Docker Compose on different systems. Finally, it was evaluated to what extent
the finished system meets the requirements. In this context, it turned out that
one functional and one non-functional requirement were not met. This is due to
the fact that platform numbers are missing from the GTFS dataset and within
the scope of this work, test cases were not created anymore.

At this point, it should be noted that several problems have been encountered
while working with the open data, ranging from technical format errors to in-
correct data and missing information. If more of the existing data, such as the
platform information available in the system of the VGN, were available as open
data, all functional requirements would be met.

In addition to test cases, future integration of the data pipeline into automation
tools is advisable: On the one hand, this simplifies daily updates of the data, e.g.
to take into account temporary construction sites during routing. On the other
hand, this makes it possible to automatically run tests after changes have been
made to detect programming and data errors. However, there is also a lot of po-
tential with regard to the data situation itself, which makes it possible to improve
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the travel planner, because the software used already supports the integration of
rental bikes, real-time updates on schedule changes and fare information. Here,
it would be desirable that more data sets are included in the German National
Access Point and that additionally the address data of the Bavarian State Office
for Survey (Bayerische Vermessungsverwaltung) is made available for OpenAd-
dresses in order to be able to realize a reliable address search within Bavaria with
Pelias.

As mentioned at the beginning of this thesis, the federal government wants to
strengthen public transportation as well as bicycle traffic. With the trip planner
developed, there are many examples that show that bicycle-assisted navigation
with public transit offers more travel options that are often faster or involve fewer
transfers. These connections may already provide an alternative to the car for
some. Nevertheless, it is to be hoped that the government invests more in the
achievement of its goals and, accordingly, continues to expand public transit and
cycling infrastructure so that even more travel connections can be found in the
future.

In this context, open projects such as stadtnavi and bbnavi, which are important
sources of inspiration for this work, should also be funded further in the future.
These projects are also based on the Digitransit platform, which was extended for
the present work by a central configuration and bundled as a Docker Compose
project. Due to the use of open data and the publication as an open source
project, the application developed in this thesis is now available to others for
further adaptation, extension and improvement.
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