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A utomated shuttle buses are part of future mobility
concepts due to their flexibility and cost efficiency.
In order to enlarge the expansion of pilot operations with
automated shuttle buses, local authorities and transport
companies in particular need information on the possible
uses of the vehicles in public areas. On the basis of a best-
practice analysis and a market analysis, this paper pre-
sents requirements for pilot routes and infrastructure for
the introduction of automated shuttle buses in public ar-
eas. Furthermore, the results of the analysis are evaluated
in relation to the time horizon.

[Keywords: Automated Shuttle Buses; Pilot Routes, Infrastruc-
ture; Requirements; Possible Applications]

A utomatisierte Shuttlebusse sind durch Flexibilitét
und Kosteneffizienz Teil der zukunftigen Mobili-
tatskonzepte. Um den Ausbau von Pilotbetrieben mit au-
tomatisierten Shuttlebussen zu erweitern, benétigen vor
allem Kommunen und Verkehrsgesellschaften Informa-
tionen zu den Einsatzmdglichkeiten der Fahrzeuge im 6f-
fentlichen Raum. Anhand einer Best-Practice-Analyse
und einer Marktanalyse werden in diesem Beitrag Anfor-
derungen an Pilotstrecken und Infrastruktur bei der Ein-
fuhrung automatisierter Shuttlebusse im 6ffentlichen
Raum vorgestellt. Daruiber hinaus werden die Ergebnisse
der Analyse in Abhangigkeit des zeitlichen Horizonts be-
wertet.

[Schlisselwdrter: Automatisierte Shuttlebusse; Pilotstrecken;
Infrastruktur; Anforderungen; Einsatzmdglichkeiten]

1 INTRODUCTION

The future development of mobility is primarily driven
by megatrends. These include demographic change, in-
creasing urbanization, individualization, scarcity of re-
sources, climate change, the increasing focus on sustaina-
bility and technological developments focussing on digiti-
zation [Berl7a; Dan19b, pp. 495ff; Rin12, p. 4; Heg18, pp.
4-7; Rit18 pp. 208ff]. The current situation in urban areas
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reveals that, as the number of inhabitants and the age of
users increases, so does transport performance [Bunl18b,
pp. 218f]. This consequently leads to traffic jams, high
level of pollution and an increased demand for space for
designated traffic in cities [Knil9, pp. 6f]. In rural areas,
public transport with its rigid line management, is declin-
ing. The reduction in population and the increased demand
for individualization require flexible solutions in rural areas
[Knil9, p. 7; Hegl8, p. 4]. As a result, the population in
rural areas increasingly favours motorised private transport
[Knil9, p. 7]. In order to counteract these megatrends and
ease the current symptoms of mobility, literature describes
the future mobility as efficient, organized, electric, auto-
mated, networked and safe [Agol17, pp. 22- 60; Knil9, pp.
11-20; Kag17, pp. 359-366; Susl19, pp. 19ff]. In addition, it
should be possible to use mobility systems collectively and
universally [Agol7, pp. 44ff, Knil9, p. 12]. Efficiency
means offering as much mobility as possible while simul-
taneously using as few resources as possible [Agol7, pp.
22ff]. This also contains implementing of new mobility ser-
vices which are more flexible and demand oriented [Kni19,
pp. 12f]. Infrastructures such as roads and parking spaces,
pollution (e.g. CO2 emissions) and money are the resources
that must be reduced [Knil9, pp. 11f; Agol7, p. 22ff]. In
order to realize better use of space resources, traffic must
be organized [Knil9, p. 12]. Electric mobility is a key to
both energy system transformation within the transport sec-
tor and the reduction of CO2 emissions [Agol7, pp. 52ff;
Susl9, pp. 19ff; Kagl7, pp.359ff]. The automation of ve-
hicles has positive and negative effects [Agol7, p. 45]. If
the automated vehicles are used jointly, the number of ve-
hicles, traffic accidents, mobility cost and emissions can be
reduced [Agol7, p. 42]. However, if automated vehicles
are only used in private ownership, the above-mentioned
indicators increase, apart from road safety [Agol7, p. 45].
Automated vehicles can be used in urban areas but are es-
pecially used in rural areas [Kni19, pp. 14ff]. There are two
facets concerning networking. On the one hand, there is the
concept of networking vehicles to better control of the traf-
fic flow and increase safety [Agol7, pp. 45ff]. On the other
hand, there is the idea of linking all mobility systems on a
digital mobility platform (Mobility as a Service), to which
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every user has universal access [Kagl7, pp. 363ff; Knil9,
pp. 12f]. The amount of land consumed by mobility can be
reduced, among other things, by reducing the number of
vehicles [Agol7, pp. 44f]. This requires a shift in the pop-
ulation’s attitude of mobility, moving them more towards a
culture of sharing vehicles instead of owning them [Kni19,
p.12]. In summary, future mobility is characterized by a de-
mand-oriented and flexible supply of all population groups
with mobility offers while at the same time being cost-effi-
cient and meeting increased ecological requirements.

One new mobility concept that meets a majority of
mobility requirements is individual public transport
[Bar20, p. 16]. It combines the flexibility of individual
transport with the capacity utilisation and economy of pub-
lic transport [Bar20, pp. 16f; Lal19, pp. 40ff]. An example
for individual public transport is the automated shuttle bus
which can be supplemented by on-demand services
[Knil9, pp. 22f]. The automated shuttle bus is a minibus
used for public transport [Kol20, p. 68]. Depending on the
type, the vehicles offer space for up to 15 people and are
electrically operated [Kol20, p. 68; Kos19, p. 24]. In active
pilot operations, the routes are programmed into the shuttle
buses via differential GPS [Kol20, p. 62]. The vehicle thus
moves on virtual tracks, can detect obstacles, but most of
the time cannot avoid them independently [Kol20, pp. 62f].
In that case, the vehicle is handled by an operator via joy-
stick, who must be present at all times in accordance with
the approval requirements [Kol20, pp. 62f; Micl7, p. 12].
According to the automation stages defined by [SAE18] the
automated shuttle buses are classified between “partially
automated and “fully automated” [Kol20, p. 63; Kos19, p.
64]. That is why the term “automated” is used in this paper.
It is anticipated that automation will offer more cost-effec-
tive operation [Kol20, p. 59]. Furthermore, the automated
shuttle bus is predestined for rural areas and low-capacity
routes in the city, where it should reduce motorized indi-
vidual traffic [Kol20, p. 59; Jur20, p. 39; Kos19, p. 23]. The
electric drive is also expected to reduce pollution such as
CO2 emissions [Lab18, p. 11].

Although autonomous driving will not be achieved be-
fore 2030, the number of pilot projects with automated
shuttle buses increases [Lall9, p. 19; Knil9, pp. 17f;
Ver20a]. The potentials of automated vehicles can already
be used and experiences in public space can be gathered
[Ver20a; Knil9, pp. 22f]. The introduction of automated
shuttle buses places a number of demands on the infrastruc-
ture of the region it is entering [Mic17, pp. 29f; Mit20, pp.
67ff]. That is why it is important in pilot projects, to plan
the route for the automated shuttlebus at an early stage.
Since automated transport has not yet matured on a techno-
logical level, the requirements for the route and infrastruc-
ture must be considered in addition to legal, economic and
administrative demands before an automated shuttle bus
line can be introduced [Bral8; Bar20, p. 21; PTV19b;
PTV19a]. Therefore, the aim of this publication is to pre-
sent the requirements for the pilot route and infrastructure
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necessary to introduce automated shuttle buses in public ar-
eas. For this purpose, a best practice analysis of automated
shuttle bus projects in Germany, as well as a market analy-
sis of manufacturers of these vehicles will be used.

At the beginning of this publication, the existing liter-
ature pertaining to this topic is discussed. Afterwards, the
procedure of best practice analysis and market analysis will
be explained. The results of the analysis together with the
requirements for pilot route and infrastructure will then fi-
nally presented in the fourth chapter. In the fifth chapter the
benefit of the requirements is discussed. Finally, a sum-
mary and further research regarding this topic are given.

2  RELATED LITERATURE (STATE OF THE ART)

Automated shuttle buses have gained in importance in
recent years and the number of pilot operations has in-
creased not only in Germany but also worldwide [Ver20a;
Bak18]. The beforementioned trends in Chapter 1 promote
this development. Due to their innovative value, most pilot
operations are conducted within the framework of research
projects or in cooperation with research institutions
[Ver20a]. They range from the investigation of potential
applications of automated shuttle buses and user ac-
ceptance (social and economic aspects) to the testing of
technology development and safety as well as the analysis
of the legal basis for autonomous driving [Azal9, pp. 2ff].

The pilot projects are usually evaluated and docu-
mented in the literature in two ways. On the one hand, the
individual pilot operation with automated buses is analysed
and described in detail in the form of a report or a case
study. On the other hand, the projects on automated shuttle
buses are summarised in the form of general overviews or
literature reviews, which usually contain the key data and
the most important goals/ findings of the projects. The
comparisons of the projects serve to generalise the results
and to derive specific recommendations for the planning
and implementation of pilot operations.

Most pilot operations and research projects are cur-
rently being implemented in Europe [Azal9, pp. 2ff;
Pes16, pp. 1ff]. A prominent example of the cooperation
of European shuttle bus manufacturers, co-funded by the
European Union's Seventh Framework Programme, is the
CityMobil2 project [Pes16, pp. 1ff]. The pilot operations
took place in seven European cities between 2012 and
2016 [Pes16, pp. 1ff]. The aim of this big project was to
advance the vision where automated vehicles become a
part of an Automated Road Transport System (ARTS)
and to evaluate the legal and technical frameworks neces-
sary to implement ARTS on the roads [Ale14]. The pro-
ject provided important insights into the development and
integration of ARTS in urban areas [COR16]. Data was
collected on how other road users interact with automated
vehicles and a legal framework for the certification of
ARTS was designed [Pes16, pp. 1ff; COR16].

Seite 2



One of the larger studies conducted in Germany on the
use of automated shuttle buses as an extension of public
transport services is based on the pilot operation in Bad
Birnbach. The study focuses on the analysis and evaluation
of the use of automated shuttles from a technical, social and
planning perspective. The investigations of the connectiv-
ity in the public transport service structure have shown, for
example, that the use of automated shuttle buses can make
a significant contribution to better connecting rural areas.
The subjects of the user acceptance study were generally
positive about the shuttle bus. The automated shuttle bus
also scored well in terms of safety. [Kol20; Bar20; Win20b;
Win20a; Jur20; Rau20]

The case study commissioned by the Federal Ministry
of Economics and Energy to the VDI Technology Center
also reflects the pilot operation in Bad Birnbach with regard
to the requirements of the legal, economic and administra-
tive framework for the introduction of automated shuttle
buses. The case study provides valuable information for the
approval procedure of automated shuttle buses. In addition,
the example of Bad Birnbach shows that the financing of
such a project can be guaranteed by the industrial partners
on the one hand and by the communities and state govern-
ments on the other hand. [Bral8]

The Association of German Transport Companies
(VDV) maintains a general overview of current and
planned pilot operations in Germany. At the time of publi-
cation, the overview includes 44 autonomous shuttle bus
projects. For each project, the overview lists the formal
framework conditions such as the location, provider, coop-
eration partners, the vehicle, the goals as well as the current
status of the project. More detailed information can be
found on the respective project homepage. Whereby no or
only a few results of pilot operations for most active pro-
jects are available yet. [Ver20a]

The results of the "LEA (Klein-) Bus" research pro-
ject, funded by the Federal Ministry of Transport and Dig-
ital Infrastructure, are based on a comparison of 34 pilot
operations in Germany and around 70 pilot operations
abroad, most of which are localised in Europe. The final
report of the study illustrates important prerequisites and
possible applications for automated shuttle buses. A total
of eight categories were defined and analysed, such as ve-
hicle technology, IT and transport infrastructure, opera-
tional effects, cost effectiveness, fields of application and
forms of operation, system acceptance, legal framework,
market development and possible business models. As an
important aspect in the implementation of the pilot opera-
tions, questions of approval and liability were identified.
The IT infrastructure plays a central role in the feasibility
analyses and the planning of the pilot operations. For ex-
ample, network coverage for data communication and up-
dating of digital maps is paramount. With regard to the
transport infrastructure, the "LEA (Klein-) Bus" project
concludes that most road infrastructures are currently not
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suitable for fully automated, connected driving. The main
point here is the importance of regular care and mainte-
nance of the infrastructure, signage and road markings.
[PTV19g]

Similarly, [McK19b; McK19a] concludes that stops,
signage, lane markings and charging infrastructure should
be more developed. This is confirmed by the latest McKin-
sey studies for the USA. In order to fully exploit the poten-
tial of automated vehicles, key tasks such as integration of
autonomous vehicles with existing transit, capital planning
for an uncertain future, optimizing and redefining curb, re-
developing off-street parking, rethinking road construction
and maintenance should be addressed. [McK19b; McK19a]

Furthermore, there are standalone approaches in the
literature, which deal with the evaluation of existing infra-
structure regarding the usability for automated shuttle
buses. The approach of [Sch19b] is based on the analysis
of the essential traffic and information technology require-

ments for the infrastructure and the identification of the
weak points using selected model regions in Germany
(Leonberg and Boblingen). The results of the analysis were
presented in the form of a flowchart (decision tree) for each
of the categories "charging infrastructure”, “road equip-
ment", "road space and road infrastructure”, "data collec-
tion", "data transmission™ and "platform and functionality™.
The questions of the flowchart can be answered with "yes"
or "no" and are intended to provide assistance in evaluating
the suitability of a region for automated shuttle buses. For
example, the flowchart "Road space and road infrastruc-
ture" takes into account such aspects as the presence of sep-
arate bus lanes, road condition, road markings, intelligent
equipment, parking spaces and bridges. [Sch19b]

Information on the requirements for the pilot route and
the infrastructure are essential for potential stakeholders
[Knil9, p. 23]. Counties and municipalities as well as mo-
bility providers need them for a fast and optimal decision
making for the realisation of autonomous shuttle bus lines
[Kni19, p. 23]. However, so far there are hardly any com-
prehensive studies that analyse the infrastructural require-
ments for the use of automated shuttle buses in public
transport. While the study "LEA (Klein-) Bus" [PTV19a]
carried out under the direction of the PTV Group and the
work of [Sch19b] provide some approaches for the analysis
of potential infrastructure requirements, this aspect has not
yet been sufficiently investigated in the literature. The be-
fore mentioned studies offer important indications as to
which infrastructural aspects need to be considered when
planning a pilot operation. But they do not go into more
detail about the feasibility of concrete route characteristics
such as route length, carriageway width, stops, vehicle ve-
locities or special features such as intersections, rounda-
bouts and traffic lights. The actual infrastructure required
for the implementation of a pilot operation is also not spec-
ified.

Seite 3



Therefore, this publication aims to answer the question
of the current structural and technical requirements for a
pilot route. The objective is to give the stakeholders an
overview over the currently feasible routes and traffic situ-
ations as well as the infrastructure adjustments that may be
necessary for the pilot operation. It should be noted that the
requirements should always be considered in the context of
the current technological development of automated shuttle
buses.

3 METHODICAL APPROACH

To determine the requirements for the pilot route and
infrastructure required for the introduction of automated
shuttle buses, the methods of benchmarking and market
analysis are used.

Benchmarking is a targeted way of searching for new
ideas and approaches to improve products, processes and
methods [MerQ9, pp. 19ff; Top97, p. 4]. A distinction is
made between the benchmarking of companies, of sectors
and of framework conditions [Mer09, p. 31]. The external
benchmarking of companies is then divided again into mar-
ket-related benchmarking (with regard to competitors),
sector-related benchmarking and sector-independent
benchmarking [MerQ9, p. 32]. Municipalities and transport
providers, which are responsible for the implementation of
pilot operations with automated shuttle buses, are equated
with companies or competitors in this methodology. The
pilot operations are products/ services of the municipalities
and transport providers. In the context of the aforemen-
tioned definition, market-related benchmarking analyses
the pilot operations of automated shuttle buses for which
municipalities and transport providers are responsible.
Benchmarking is characterised through the examination of
best practices [Sys06, p. 29]. Therefore, a best practice
analysis of pilot operations with automated shuttle buses
was carried out to determine the requirements for the pilot
route and infrastructure. This analysis is presented in Chap-
ter 3.1.

A market analysis serves to identify the producers/
owners and examine the performance characteristics of the
products/ services offered [Pil16, pp. 85ff; Albl6, pp.
1358f]. The implementation of the pilot operations or the
selection of the pilot routes depends on the vehicles used
[REG20b]. Accordingly, the market analysis serves to
identify the manufacturers/ providers and their vehicles as
well as examine the performance characteristics of the au-
tomated shuttle buses (Chapter 3.2).

In Chapter 3.3 the methodical approach is critically
evaluated.

3.1 BEST PRACTICE ANALYSIS PILOT PROJECTS

A best practice analysis is divided into the following
steps: Identifying, analysing and implementing [Hei99, p.
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39]. In this analysis, the focus is on recording the pilot pro-
jects. These results are used to derive the requirements.
Therefore, the implementation is not considered. The first
step is identifying the pilot projects. The analysis is then
further divided into three steps: Developing a catalogue of
criteria, conducting the analysis and evaluating the results.
An iterative procedure is used for the analysis. The criteria
catalogue is adapted from the basis of the analysis findings.

Identifying Pilot Projects

The approval of an automated shuttle bus, which is
thus the approval of a pilot operation, depends on the vehi-
cle approval ordinance, the road traffic law, the road traffic
regulations and the road traffic approval regulations
[Bral8, p. 4]. The registration law is also regulated beyond
Germany in accordance with ECE regulation 79 [Lutl7, p.
214]. However, the road traffic regulations are regulated
nationally [Lut17. pp. 217f]. In order to ensure comparabil-
ity between the pilot projects, only pilot projects in Ger-
many are analysed. In addition, only pilot operations with
an automated shuttle bus in which passengers are trans-
ported are considered. [Ver20a] and [PTV19b] provide a
detailed overview of pilot projects centred around auto-
mated shuttle buses in Germany. This is supplemented by
an own internet research.

Developing a Catalogue of Criteria

To evaluate the pilot projects, the criteria are deter-
mined using the brainstorming method and are divided into
six categories:

Vehicle-related criteria
Route-related criteria

Communication technology-related criteria

1
2
3
4. Legal criteria
5. User/provider-specific criteria
6

Organisational criteria

Vehicle-related criteria include the designation of the
vehicle, passengers to be carried and speeds of pilot opera-
tion. The route length, number of stops and special features
of the route (e.g. roundabouts and intersections) are deter-
mined under the route-related criteria. The communication
criteria include the communication of the vehicle with a
control centre or traffic lights. As already explained, the ap-
proval of the vehicle is necessary for the pilot operation.
Criteria concerning the type of approval, the competent au-
thorities and the duration of the approval process are part
of the legal criteria. In order to be able to evaluate the im-
plementation of the pilot operation with regard to the user
and provider, for example, it will be determined whether
the use is free of charge, whether a user survey will be car-
ried out and whether there have been accidents in the oper-
ation. With the help of the organisational criteria, the

Seite 4



processing steps, the time schedule and the infrastructural
adjustments are identified.

Execution of the Analysis

The analysis of the pilot projects of automated shuttle
buses is largely based on internet and literature research.
This is supplemented by telephone interviews and personal
visit to selected pilot operations. Due the lack of contact
persons for the pilot projects and the higher expenditure of
time and personnel, this is the chosen approach. For each
pilot project the criteria catalogue was filled in as much as
possible. Each piece of information is provided with a ref-
erence to the source. The analysis was carried out between
October 2019 and June 2020 (deadline on 09.06.2020).

Evaluating Results

A total of 63 projects with automated shuttle buses
were identified in the analysis. In the first step of the eval-
uation, the degree in which the respective criteria cata-
logues were filled out, was observed. In order to be in-
cluded in evaluation, information on either the vehicle or
route or on the pilot operation had to be available. This fil-
ter reduced the number of projects to 49. The results from
the individual criteria catalogues were summarised within
the categories in order to evaluate and compare the individ-
ual criteria (see Chapter 4).

3.2 MARKET ANALYSIS AUTOMATED SHUTTLE
BUSES

Similar to [Pil16, pp. 85f] and [Albl16, p. 1358f], the
market analysis procedure is divided into four steps. First,
the providers of automated shuttle buses are identified. Be-
fore the survey is conducted in the third step, the question-
naire is designed in the second step. The results are then
evaluated.

Identifying Providers

As with the best practice analysis, the market analysis
focuses on providers of automated shuttle buses used for
passenger transport. For the market analysis, it is irrelevant
whether a provider’s automated shuttle bus is already in pi-
lot operation or whether the provider's vehicle has not yet
been used in public. Based on the internet and literature re-
search on pilot projects in Germany, Europe and world-
wide, the providers of automated shuttle buses could be
identified. The providers are differentiated between manu-
facturers (e.g. EasyMile, Navya, Local Motors) and opera-
tors (e.g. Transdev Group S.A., Keolis S.A, ioki GmbH). A
total of 13 providers were identified, of which three act as
operators.

Designing the Questionnaire

The questionnaire is divided into four categories, "Ve-

hicle/ Performance Data", " Communication/

Steering",
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Infrastructure” and "Organisation (time estimation/ pilot
route)”. The individual questions are largely taken over
from the criteria catalogue for the pilot operations and
partly supplemented.

For the implementation of a pilot operation, it is im-
portant to know how fast the vehicles are driving, how
many passengers can be transported, whether the vehicles
are barrier-free and which road widths and gradients they
can be driven on. These criteria were, among others, que-
ried in the category "Vehicle/ Performance Data". Ques-
tions pertaining to the automation level of the vehicle,
weather-related restrictions and control in the intersections
are part of the category "Steering". In order to test commu-
nication with the infrastructure, possible interfaces, V2X
technologies of the vehicle and infrastructure requirements
were queried in the third category. Finally, the providers
were asked about the preparation time of a pilot operation,
an approval of the vehicle, requirements for the pilot route
and their experiences with the implementation of a pilot op-
eration.

Conducting of the Survey

As part of a "Request for Information” (RFI) in prepa-
ration for a public tender for an automated shuttle bus, the
questionnaire was sent by e-mail to all 13 identified pro-
viders. The providers were given 14 days to answer the
questions. The survey was conducted in October 2019.

Evaluation of the Questionnaire

A total of three completed questionnaires were re-
turned (EasyMile, Navya, Local Motors). Furthermore,
there was a personal interview with e. GO MOOVE GmbH.
The answers provided from individual manufacturers were
then evaluated separately for each category and compared
with one another. The results are presented in Chapter 4.

3.3 CRITICAL EVALUATION OF THE METHODOLOGY

The key figures of sample size and usage rate are suit-
able for evaluating data quality [Die04, p. 25]. In this chap-
ter, the population and the survey methodology of the best
practice analysis and the market analysis are thus critically
evaluated. The creation of the criteria catalogue, the ques-
tionnaire and the data evaluation are not included in this
evaluation.

Best Practice Analysis

The data quality of the survey can be improved by in-
creasing the population of the analysis [Die04, p. 25]. This
would be possible if further pilot projects from Europe (or
worldwide) were considered. However, this would result in
an increase of the survey effort. In addition to the higher
number of data sets, communication with international pro-
ject teams may also be more complex. The comparability
of the pilot projects due to the different legal regulations
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must be checked first. For these reasons, the authors have
decided against increasing the sample size in the best prac-
tice analysis (see Chapter 3.1). The data collection is
mainly based on internet and literature research. A disad-
vantage of this survey form is that not all information on
the projects are available in the media. In addition, a large
part of the information is based on newspaper articles and
project homepages, some of which provide inconsistent in-
formation on the projects. To obtain a better response rate
(49 of 63 projects), a personal survey of the individual pilot
projects would be suitable. However, this would have been
much more time-consuming, since the contact people have
to be identified first.

Market Analysis

In order to determine the providers of automated shut-
tle buses, the pilot projects in Germany, as well as world-
wide, were examined with regard to the vehicles used. As
aresult, a sample size of 13 providers was derived. Accord-
ing to the authors, this sample size includes the most im-
portant providers of automated shuttle buses and does not
need to be increased.

Table 1: Literature overview Chapter 4

DOI: 10.2195/lj_Proc_beckmann_en_202012_01
URN: urn:nbn:de:0009-14-51314

The low utilisation rate of four answers shows that the sur-
vey methodology can be improved. As with best practice
analysis, a personal survey could have been carried out and
would probably have generated a larger data set. More spe-
cific questions could also have been asked in a personal di-
alogue on the feasibility analysis of the pilot routes carried
out by the shuttle bus manufacturers. This would have
made it possible to obtain a more detailed overview of the
manufacturers' requirements for the pilot routes. But this
approach requires more time and human resources.

In principle, both analyses could have generated better
data with more effort. This should be considered in future
research regarding this topic.

4 EMPIRICAL FINDINGS

The results in this chapter are based on the literature
presented in Table 1. In the text in Chapter 4 the literature
is therefore no longer mentioned, unless explicit examples
are given.

Cities with pilot operations [Ver20a; Dan19a; Sch18; Reul7a; 1-A19; Ingl7; Bon20b]

(Chapter 4.1)
Active pilot operations/

[Ver20a; Sch18; Danl19a; Reul7a; 1-A19; Ingl7; Bén20a; Sta20c; Ber20b; Siid20b; Ham20; FZI120;

Duration of Pilot operations Lan20; Jan20; Eur20b; Ant20; Sta20f; ESW19; Reul8a; Stid20c; Eur20a; Rhe20; Stal8a; Red19;

(Chapter 4.1)

Sid18b; Lei20; Sta20e; Bec20c; Tec20c; Cha20; EUR20; Reu18b]

Manufacturers and Number [Ver20a; Kinl9; App20; EUR20; Ingl7; Lan20; Lud18; Ver18; Reul7a; Bon20a; Bec20c; Reh20;

of vehicles (Chapter 4.1)

Reul8b; Aacl9; Dig20; 1-A20; Hey19; Sta20e; Fral9; Siid20b; Eur20b; Rhe20; Tral8; Pan19; Kli20;

Siid18b; Tec20e; Beul9; Bil20b; Reul8a; Verl7; Stal9e; Miil19; AdI16; Sta20d; Str20; ESW19;

REG20c; Nav19; Bec20a]
Market analysis
(Chapter 4.2)
General Requirements

regarding route
(Chapter 4.3)

[Eas20; Nav20; e.G20b; Loc20; Eas19; Navl9; Loc19; e.G20c; Stel9; Tec20e; Sta20b; Frol9;
Rail8; HEA19; REG16; Ber20a; Wiel7; N6b18; Wes19; Mar19b]

[Stal9a; e.G20a; 1-A20; Latl8; Bral8; Sta20h; Tec20a; Berl7b; EUR20; Kugl9; Joal7; Kah19;
Sch19a; Reul7b; Rhel9; Tral8; HEA19; Bun20; FZI20; Ver20a; Ver20b; Ver20e; Syl19a; Siid18b;
Siid20b; Biel8; Eurl9; Bil20a; Ber19; Rhel8; Ver20d; Reul7a; Stal9c; Miin20; Kin16; Sta20e;

Woc20; B6n20b; Str20; Bec20b; ESW20; Sch18; REG20a; Cha20; Sta20g, Ver20c]

Route length
(Chapter 4.3)

[Stal9a; e.G20a; Lat18; Bral8; Sta20h; Tec20a; Berl7b; Kugl9; Nut20; Sch19a; Reul7b; Rhel9;
Tral8; HEA19; Bun20; FZ120; Ver20b; Ver20d; Ver20e; Ver20c; Syl19a; Suid18b; Beul9; Siid20b;

Biel8; Eurl9; Ber19; Rhel8; Reul7a; Stal9c; Miin20; Sta20g; Sta20a; Str20; ESW20; Schl8;

REG20a; REG19; Eas19; Nav19]

Number of stops
(Chapter 4.3)

[Stal9a; e.G20a; Lat18; Bral8; Sta20h; Berl7b; Kug19; Nut20; Sch19a; Rhel9; Reul7b; Tral8;
HEA19; FZI20; Ver20b; Ver20d; Ver20e; Ver20c; Syl19a; Siid18b; Beul9; Siid20b; Eurl9; Ber19;

Rhel8; Reul7a; Stal9c; Miin20; Kin16; Sta20g; Sta20a; ESW20; Sch18; REG16]

Special features
(Chapter 4.3)

[Stal9a; Stal9d; e.G20a; Bon20b; Lat18; DB 20; Sta20h; Ber17b; Cha20; Stal8b; Flu19; Chal8; Nut20;
Kah19; Reul7b; Rhel9; Riel9; Tral8; HEA19; Ham20; FZI20; Ver20b; Ver20d; Ver20e; Ehr19; Syl19a;

Siid18b; E-M18; Tec20d; Jul18; Stid20b; Biel8; Eurl9; Berl9; Rhel8; Reul7a; Miin20; Miil19; Sta20g;

Str20; Bec20b; REG16; Ric18; Eas19]

[Lat18; DB 20; Stal8b; Flul9; Kug19; Siid20a; Eur20b; Wil17; Rhel9; Riel9; HEA19; FZ120;
Syl19b; E-M18; Siid18a; Tec20b; Liib19; Leil9; Jull8; K6h19; R+V18; Stal9b; Nell9; Kinl6;

Infrastructure
(Chapter 4.4)

Sta20g; Poh19; Sta20d; 3sal9; Méar19a; Eur20a]
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4.1 GENERAL RESULTS OF THE BEST PRACTICE

ANALYSIS

The 49 pilot operations with automated shuttle buses
to transport passengers are realised in 35 different cities in
Germany (see Table 2).

Table 2: Pilot operations with automated shuttle buses in
German cities [Ver20a; Dan19a; Sch18; Reul7a; I-A19; Ingl7;
Bon20b]

Pllot operations with automated shuttle buses in German cities

Aachen
{4 peojects) Bad Bimbach Bad Essen Berlin (& progacts)
I Frankfurta M
Darmstadt Droishagen Enge-Sande (Sylt) (3 projects)
Keihaim
Hamburg Haot Karlsruhe (3 projects)
(Sy Lauenburg
Ketdum (Sylt) Kranach Lahr an der Elbe
Lennestadt- ’
Leipzig Mengen Ludwigsburg Lunden / Lehe
Mannheim
Magdeburg Mainz (2 projects) Marburg
ket Manchen Oberhausen Osnabriick
Rhain
Regensburg Rehau Eberbach Soest
y Wiashaden
Stolbarg (Sudharz) (2 projects) Wusterhausen

According to the definition of rural and urban areas by
[Bun18c], 36 pilot operations are located in urban areas,
including the largest cities in Germany, such as Berlin, Mu-
nich, Hamburg and Frankfurt am Main [Bun18a]. The fact
that 13 operations are also being carried out in rural areas
(e.g. Bad Birnbach, Wusterhausen and Sylt) shows the
wide range of possible applications for automated shuttle
buses [Bun18a]. Currently eleven pilot projects are in op-
eration (e.g. Wusterhausen, Lauenburg and Kelheim) and
23 pilot projects are planned (e.g. Hamburg, Aachen and
Stolberg) [Ver20a; Lan20; Ham20]. The remaining 15 pilot
projects have already been completed. Two projects in Ber-
lin and the pilot operations in Lahr and Mainz are examples
of completed pilot operations [Ver20a]. The first pilot op-
eration was carried out in 2016 [Ver20a]. Thereafter, the
number of approved pilot operations increased up to 24 pi-
lot operations planned for 2020. Only two additional pilot
operations are planned for 2021.

Table 3:
e.G20c]

Dimensions Maximum Operating time /

(wxlixh) Speed battery capacity

EasyMile 1.88x 4,05x 2,87 25 knvh 14 — 16 hours
NavyR 211x475%265  25km/h 9 hours
Tachnology
e.GO MOOVE
GmbH 201x484x 255 B0 kmvh 10 hours
LocalMotors 204x 3 64x 263 40 km/h 2019: 50 km,

in 2020: 115 km
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Due to the Covid-19 pandemic, however, it is likely that
many projects will be postponed. The duration of the oper-
ation of automated shuttle buses is very diverse. For 15 pro-
jects a period of less than half a year is planned. In Ober-
hausen, for example, it lasted four days [Ver20a]. In
contrast, another 15 projects are planned to run for more
than a year. In Bad Birnbach, for example, the pilot opera-
tion has already lasted for almost three years [Ver20a]. The
remaining pilot projects are either between the two catego-
ries or no information could be researched.

There have already been 35 vehicles used in pilot op-
erations and further 43 automated shuttle buses are sched-
uled for the planned pilot operations. These statistics do not
consider that vehicles have been used more often, as for
example by the R+V insurance company or the project in
Eberbach Castle [Bdn20a; Reul7a]. The two French man-
ufacturers EasyMile and Navya provide the majority of
shuttle buses. The two German manufacturers e.GO
MOOVE GmbH and IAV GmbH are the third and fourth
biggest manufacturers. In almost all pilot projects with au-
tomated shuttle buses, the transport companies, as future
operators predestined, are involved as leaders. They get
usually support by the respective municipalities and topic
related research institutes.

4.2  GENERAL RESULTS OF THE MARKET ANALYSIS
Table 3 shows the technical data of the four automated
shuttles collected in the market analysis. All four vehicles
are electric buses, which is why their performance in terms
of maximum speed and operating time is below that of con-
ventional diesel buses. Due to their smaller dimensions,
they can also carry fewer passengers than conventional reg-
ular buses. Besides the automated driving mode, the shuttle
buses can also be controlled manually by an operator. In
the case of three providers, the manual control is possible
with a remote control or a joystick. In this case the operator
can stand. On the contrary to this, the e.GO People Mover
has a driver's seat with a steering wheel. All four buses are
designed to be barrier-free with an extendable ramp. Ac-
cording to the manufacturers' specifications, the vehicles
can only drive on roads with a driving width of at least three
metres. Otherwise the sensors will force the vehicle to stop.
The same applies to underpasses, which should also be at
least three meters high.

Vehicle data/ performance data of automated shuttle buses [Eas20; Nav20; e.G20b; Loc20; Eas19; Nav19; Locl9;

Slope | Max. Number Manual Barrier-free
| of passengers steering
G seated remole control /
max. 15:% 6 standing joystick yos
11 seated remaote control /
-1
e 12 §% 4 standing joystick yes
no information ;2‘:?::':: steering wheel yos
max. 15 % 8 seated ool c_onlrol f yes
joystick
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The technical data from the manufacturers of auto-
mated shuttle buses were compared with the results of the
best practice analysis. Currently, the highest speed realised
of an automated shuttle bus in public areas is 18 km/h. This
is due to the approval of the bus. The vehicle and the route
get a special permission by the respective state authorities
on the basis of a report from a technical service [Bral8].
This speed is achieved in projects in Kelheim, Keitum and
Lauenburg [Tec20e; Sta20b; Fro19]. Here the maximum
speed deviates from the technical performance of the vehi-
cles (25 km/h). However, an increase of speed can be ob-
served over the time. In one of the first pilot operations by
“R+V-Versicherung” in 2017, only 11 km/h were reached
[Rai18]. The project “HEAT” in Hamburg has the goal to
drive 50 km/h on public roads in 2021 [HEA19]. The data
on battery capacity (see Table 3) deviates only slightly
from the values of the best practice analysis. In Wusterhau-
sen, the EZ10 from EasyMile is estimated to last nine hours
[REG16]. This is sufficient for daily operation there
[Stel19]. There are also deviations regarding the number of
passengers. In some pilot operations, e.g. in Lauenburg,
only seats are offered, as standing during transport is too
dangerous due to the abrupt braking of the bus [Stel9;
Tec20e].

In pilot operations, the route to be driven is pro-
grammed into the vehicle [Tec20e; Ber20a]. The vehicle
orientates itself while driving on the basis of virtual lines.
In motion it detects obstacles such as other vehicles and
people and brakes automatically [Nav19]. When the shuttle
bus is being overtaken, in most cases it will also brake
[Stel19]. If the vehicle has to leave the route, for example to
bypass an obstacle, the shuttle bus is usually controlled
manually by an operator [Tec20e; Ber20a]. In complex
traffic situations such as intersections and roundabouts, the
steering depends from the use case. In some situations, the
control is performed by the vehicle and in other situations
it is performed by the operator [Nav19; Tec20e]. The oper-
ator is always in the vehicle while driving, which is cur-
rently required by law [Kol20]. Since the shuttle buses need
an operator when driving, they cannot be described as au-
tonomous, but highly or partially automated (according to
the level of automated driving) [Wiel7]. In addition to the
stored route, the shuttle bus orients itself using sensor tech-
nologies such as camera systems, radar and LiDAR sensors
[e.G20b]. The current capabilities in the field of sensor
technologies complicate operation during heavy rain,
heavy snow and fog [Tec20e]. For this reason, the opera-
tion in Wusterhausen was interrupted on two days [Ste19].
So far there have been three accidents in the pilot opera-
tions with automated shuttle buses, however, as for exam-
ple in Bad Birnbach, the other party was always responsible
[N6b18; Wes19; Mé&r19b].

4.3 REQUIREMENTS OF PILOT ROUTES

The requirements for the pilot routes are divided into
four sub-aspects in the following. At first the general
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requirements and afterwards specific requirements regard-
ing route length, number of stops and special features along
the routes.

General Requirements

As already explained in Chapter 4.1, automated shuttle
buses can be used on pilot routes in urban areas as well as
in rural areas. With regard to the spatial constellation, 13
pilot operations are carried out on private land but also 36
projects are carried out in public areas. In public area the
automated shuttle buses have already contact, with all kind
of traffic (pedestrians, cyclists, cars, buses, trucks and spe-
cial vehicles such as ambulances). It is noticeable that, with
one exception, that future pilot operations will all take
place in public areas. This development shows, that there
are no requirements regarding the spatial constellation for
the use of automated shuttle buses. Driving in public areas
is already possible with the current state of technology.

Due to the dimensions and performance data of the ve-
hicles (see Chapter 4.2), there are general requirements re-
garding the route. The road width should be at least three
metres, i.e. six metres in oncoming traffic. Underpasses
(e.g. tunnels or gates) which are located on the pilot route,
need a height of at least three meters. If the distance is less
in both cases, the shuttle bus will reduce its speed or must
be controlled manually [Nav19]. In underpasses the control
can be done by GPS or LiDAR sensors if necessary. The
gradient on the route should not exceed 15 percent and
should be as short as possible. During the pilot operation in
Marburg, the automated shuttle bus stopped as the engine
became too hot both during ascent and descent [Reul7a].
As conclusion, larger gradients can only be travelled at re-
duced speed [Eas19]. Regarding the road surface, e.g. cob-
blestones, no restrictions exist [Eas19]. A 4G network in
the area of application is recommended for the transmission
of data and is a requirement for the route [Eas19; Loc19].

Route Length

The length of the route travelled, as shown in Figure 1, var-
ies between 0.3 km in Wiesbaden and 7.5 km in Wuster-
hausen, with an average of 1.97 km [Sch18; REG20a]. An
extension of the pilot routes can be observed, as the average
of the planned routes is 2.51 km. Since these pilot routes
are not yet approved, there is a residual risk of shortening
the planned routes. The length of the routes (maximum 7.5
km) is not directly specified by the automated driving func-
tion or by the performance data of the vehicles. Rather, the
reason is that automated shuttle buses currently only travel
at a low speed of 18 km/h and usually only one shuttle bus
is used in a pilot operation. In order to enable continuous
operation for passengers, it is recommended to select a
shorter route. It should also be emphasized that pilot oper-
ations usually start on a short route and are gradually ex-
panded. In Bad Birnbach the route was extended from 0.67
km to 2.1 km and in Wusterhausen from 3.5 km to 7.5 km
[Bral8; REG20a].
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Mumber of pilot projects Allocation of the Route Length
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Figure 1:

Allocation of the route length [Stal9a; e.G20a; Lat18; Bral8; Sta20h; Tec20a; Berl7b; Kug19; Nut20; Sch19a;

Reul7b; Rhel9; Tral8; HEA19; Bun20; FZ120; Ver20b; Ver20d; Ver20e; Ver20c; Syl19a; Siid18b; Beul9; Stid20b; Biel8; Eurl9;
Ber19; Rhel8; Reul7a; Stal9c; Miin20; Sta20g; Sta20a; Str20; ESW20; Sch18; REG20a; REG19; Eas19; Nav19]

This is also being pursued in Hamburg, where the route is
to be extended from 0.7 km to 1.84 km [HEAL9]. The city
of Monheim am Rhein provides a contrary example. Due
to the completion of a construction site, which had to be
driven around, the route was shortened from 2.7 km to
1.8 km [Sta19c]. For each of the two planned projects with
on-demand traffic, a defined area is being prepared for op-
eration. In these cases, the shuttle buses will operate flexi-
bly on this area, depending on the passengers' wishes. Since
the stops are also flexible, there is no standardized route for
these projects.

On basis of these results the requirements regarding the
route length can be summarized as followed: From the
technical point of view there is no restriction regarding the
route length, but from the operation it is. The pilot opera-
tion should start with a shorter route. Thus, the technology
can be tested first. In addition, experience can be gathered
as to how far the bus is accepted by the users. A shorter
route is also useful to integrate a continuous operation for
passengers, when only on bus is used. But in terms of the

results shown in Figure 1, new routes should preferably ex-
ceed the average of two km. If more buses are in operation
and the users accept the shuttlebus, an extension of the
route can be done afterwards. An increasing route length
should be the goal of new pilot operations, in order to get
the shuttle buses to their technological limits.

Number of Stops

Due to the short pilot routes, the number of stops is
also low (see Figure 2). On average there are about 5 stops
on a pilot route. The number of stops on the currently
planned pilot routes is 6 stops on average. With the exten-
sion of the routes in Bad Birnbach and Wusterhausen, the
number of stops also increased. In Bad Birnbach from 2 to
5 stops and in Wusterhausen from 10 to 17 stops [Bral8,
pp. 2ff; REG16]. Due to the shortening of the route in Mon-
heim, the number of stops was reduced from 9 to 7 stops
[Stal9c]. In the on-demand pilot operations, there is no in-
formation about the stops, as there are theoretically infinite
possibilities for boarding the automated shuttle bus.

Mumber of projects .
Allocation of the Number of Stops
20 4
15 4
12 12
10 4
=
2 ) 1
0 3 ; 3
i K s
5 1
0 | 2 | L B I -
=2 Jtod S5toB { o B Qo010 =10 On- Mo
Demand Information
- Operation active or ended Cperation planned

Figure 2:

Allocation of the number of stops [Stal9a; e.G20a; Lat18; Bral8; Sta20h; Berl17b; Kug19; Nut20; Sch19a; Rhel9;

Reul7b; Tral8; HEAL9; FZ120; Ver20b; Ver20d; Ver20e; Ver20c; Syl19a; Siid18b; Beul9; Siid20b; Eurl9; Ber19; Rhel8; Reul7a;

Stal9c; Mun20; Kinl6; Sta20g; Sta20a; ESW20; Sch18; REG16]
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The requirements for the number of stops are identical
to those for the route length. The number of stops is not
limited due to technical reasons. But a lower number of
stops should be preferred, because of short routes and op-
erational advantages. Too many stops on a short route pre-
vent continuous operation. Analogue to the extension of the
route, the number of stops should be increased. This should
also be the goal for new pilot operations

Special Features along the Routes

The route length and the number of stops are not di-
rectly dictated by technology, but are reasonable from the
operator's point of view. This is different for the special
features along the route. A too complex pilot route can be-
come an exclusion criterion for the route itself. However, it
is important to gain experience with the automated shuttle
buses in complex situations. Therefore, Figure 3 visualizes
the special features of the pilot routes and how often they
are investigated in pilot operations. As several special fea-
tures can be tested in a pilot operation, the number of spe-
cial features exceeds the number of pilot projects. Because
not all projects list the special features of their used routes,
further research is required and hence there is no claim to
completeness. Figure 3 only contains special features,
which are tested in more than one project.

Due to the fact, that the majority of pilot operations
take place in urban cities, the allocation of special features
can be explained. Especially the intersecting traffic is a big
challenge for the automated shuttle buses as the other road
users, signs and light signal systems must be correctly rec-
ognized. Because of the complexity in these situations, the
pilot operations are testing the vehicles at signposted inter-
sections, right-to-left situations, light signal systems and
roundabouts. Depending on the visibility and complexity
of the traffic point, there is a case-by-case decision con-
cerning manual or automated control at these intersections
[Eas19; Nav19].
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It is worth mentioning, that the pilot operations in Lauen-
burg and Drolshagen are already testing intersections with
federal roads [Tec20d; Nut20]. However, in most of these
situations the operator has to drive manually, as is the case
in Wusterhausen [Ste19]. Automated driving on these traf-
fic points is possible, as the example in Lauenburg shows.
Here, the vehicle of Navya Arma communicates with a
light signal system, brakes and starts automatically
[Tec20e].

As the automated shuttle buses move in public road
traffic, they are also confronted with parked vehicles. The
detection of the parked vehicles works well and the bus
brakes automatically. However, driving around the obsta-
cles is mainly done manually [Nav19]. Zebra crossings are
simpler for the automated shuttle bus to handle, because in
this case no obstacle has to be bypassed. This is being
tested in Frankfurt and Hamburg for example [Reul7b;
Ham20]. Due to the current capabilities in the field of sen-
sor technology, narrow roads and driving on cobblestones
are being tested in pilot operations [Tec20d]. In order to
bring the electric motor to its limits, gradients are also
tested [Tec20d].

Although most projects concentrate on urban traffic,
country roads have particular challenges as well. The chal-
lenges are the speed difference to other road users and the
orientation of the vehicle. In the city, the automated shuttle
bus can orient itself on buildings, but this is only possible
to a limited extent on country roads. The behaviour on
country roads is currently being investigated in Bad Birn-
bach and Wusterhausen [DB 20; 3sal19].

In addition to the aforementioned special features,
there are some other situations, which are being tested in
different projects. In Aachen the pilot route partly leads
through a pedestrian zone [Stal9d]. A more complex situ-
ation, due to the reaction to other road users, is the lane
change on roads with multiple lanes in one direction, which
is planned to be tested in Hamburg [Ham20].

Mumber of pilot projects
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Figure 3:

Special features of the route [Lat18; DB 20; Stal8b; Flul9; Kug19; Siid20a; Eur20b; Wil17; Rhel9; Riel9; HEA19;

FZ120; Syl19b; E-M18; Siid18a; Tec20b; Lib19; Leil9; Jull8; Kéh19; R+V18; Stal9b; Nell9; Kinl6; Sta20g; Pohl19; Sta20d;

3sal9; Méarl9a; Eur20a]
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In Berlin the automated shuttle bus is gaining experi-
ence with the handling at a construction site, whereas in
Weltenburg near Kelheim the automated shuttle bus drives
on a road without pavement [Ehr19; vonl7].

With regard to the requirements for the pilot route, it
can be said, that most of the complex traffic situations can
be part of the pilot route. It is even necessary to test com-
plex traffic situations in pilot operations so that the technol-
ogy of automated shuttle buses can be further developed.
Nevertheless, besides the complexity, the benefits for pas-
sengers should also be considered. As aforementioned the
shuttle bus is mostly being driven manually at complex sit-
uations. This extends the travel time. Furthermore, the
route is always approved by a technical service. Too much
complexity can therefore lead to a rejection of the pilot
route. Therefore, the requirement for the pilot route is that
it is complex enough to gain experience, but not too com-
plex for the project to fail. Moreover, the complexity of the
pilot routes has an effect on the infrastructure requirements.
This is shown in the next chapter.

4.4 INFRASTRUCTURE REQUIREMENTS

To enable the shuttle bus to operate on the pilot routes,
an adaption of the infrastructure along the route is partially
necessary (see Figure 4). Analogous to Chapter 4.3, one pi-
lot operation can have several infrastructural measures.
Most of the infrastructural elements, which are shown in
Figure 4, are measures in active or ended pilot projects. The
infrastructural measures of the planned pilot projects are
not yet known, since the pilot route may not yet be fixed.
Therefore, Figure 4 does not claim to be complete.

Regardless of the route, a garage and a charging sta-
tion for the shuttle bus will be provided [Stal8b]. Depend-
ing on the expansion of the public transport system, new
stops may have to be built for the pilot operation [Ham20].
These adjustments are not included in Figure 4, but all other
identified measures are.
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In most pilot projects, signs are put up to make all road us-
ers aware of the automated shuttle bus [Stid20a]. Due to the
speed difference between the shuttle bus and other road us-
ers, as mentioned in Chapter 4.2, the maximum speed limit
is often reduced to 30 km/h along the route, e.g. in Aachen
and Bad Birnbach [Lat18; DB 20]. Since the speed differ-
ence between the automated shuttle bus and other road us-
ers is the first challenge on the country roads, the maximum
speed is also adjusted there. For example, dynamic signs
have been set up along the route in Bad Birnbach, which
reduce the speed limit to 30 km/h for all road users as long
as the shuttle bus is on the country road [DB 20]. To ensure
this, cameras were installed along the route.

If communication with traffic lights, e.g. in Lauen-
burg, is to be tested, road-side units are installed at the traf-
fic lights [Tec20b; Tec20e].

According to the explanations in Chapter 4.2, the sen-
sors react sensitively to narrow driving positions and on-
coming traffic or when the shuttle bus is overtaken. In order
to simplify the smooth running of the automated shuttle bus
in pilot operation, an attempt is made to avoid obstacles as
far as possible. For this reason, route changes are imple-
mented in the respective cities. These includes closing a
street to motorized traffic or rededicating a street as a one-
way street [Stal9b; Rhel9]. To prevent the automated shut-
tle bus from being stopped in front of parked vehicles, park-
ing areas are moved or stopping bans are issued [Riel9;
Stal9b]

Too meet the second challenge on country roads, land-
markers are installed along the route, as the automated
shuttle buses cannot orient themselves on the buildings as
in the city. In Bad Birnbach and Wusterhausen, landmark-
ers were used for driving on country roads [DB 20; 3sal9].
The landmarkers are also used on Sylt so that the automated
shuttle bus can drive through a roundabout [Eur20a].
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Figure 4:

Adaption of infrastructure [Lat18; DB 20; Stal8b; Flul19; Kug19; Stid20a; Eur20b; Wil17; Rhel9; Riel9; HEAL19;

FZ120; Syl19b; E-M18; Siid18a; Tec20b; Liib19; Leil9; Jull8; K6h19; R+V18; Stal9b; Nell9; Kinl6; Sta20g; Poh19; Sta20d;

3sal9; Méarl9a]
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Further infrastructural measures are the widening of
the carriageway, the addition of a central reservation and
the installation of a vibration threshold. The first two
measures support the shuttle bus in its orientation, while the
third measure aims to ensure that other road users comply
with the speed limit. These measures were carried out in
Bad Birnbach [DB 20]

The aforementioned infrastructural measures are the
requirements for the infrastructure in pilot operation. Defi-
nitely a requirement is the installation of information signs,
so that user road users are informed. A further requirement
is to ensure that traffic is as fluid as possible. Therefore,
route changes and no stopping as well as change in parking
areas can be implemented. Depending on the special fea-
tures of the routes and the research question, further re-
quirements such as the change of maximum speed, instal-
lation of road-side-units and landmarks can be
implemented.

5 BENEFITS OF THE RESULTS

In summary, the results can be used in three different
ways: To determine possible applications for future pro-
jects, to optimize the development process of the pilot route
and to derive forecasts for the future development of auto-
mated shuttle buses.

The scope of services of the shuttle buses as well as
the requirements for pilot routes and infrastructure as de-
scribed above can be used to determine possible applica-
tions for automated shuttle buses in future projects. With
these information decision-makers of project proposals
thus already have an overview at the beginning of the pro-
ject. As aresult, it is easier to assess whether the speeds are
sufficient, whether suitable pilot routes are available and
whether infrastructural measures could be implemented.

The selection process of the pilot route is divided into
four steps. First, the respective project team develops po-
tential pilot routes. After selecting a shuttle bus, the shuttle
bus manufacturer evaluates the feasibility of the pilot route.
A pilot route is then jointly defined. That must, however,
be approved by a technical service [Eas19; Nav19; e.G20c;
Loc20; Bral8, pp. 4ff]. The requirements identified in this
paper allow the complexity of the pilot routes for the auto-
mated shuttle bus to be assessed already during the devel-
opment of potential pilot routes. Thus, the project team can
develop better route proposals in advance and shorten the
process.

Finally, the results can be used to derive forecasts for
the future development of automated shuttle buses. As de-
scribed in Chapter 4.1, the number of pilot operations in
Germany is increasing. This means that this promising
technology is becoming increasingly important for local
authorities and transport companies. Although fewer pilot
operations are planned in 2021 than in 2020 (see Chapter
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4.1). Moreover, the projects so far have almost exclusively
been pilot operations and not permanent offerings [Ver20a;
Cha20; Bel19]. The performance of the automated shuttle
buses is significantly lower than that of the conventional
diesel buses, which are currently mainly used in public
transport. This applies to the speed and to the automated
driving functions of the vehicles. The current state of the
art is far from autonomous driving without a driver. How-
ever, the best practice analysis shows that the performance
of the vehicles is evolving as maximum speed is increasing
due to improving automated driving functions. The grow-
ing number of shuttle bus manufacturers will also increase
the competition in this market and the progress of technol-
ogy. This technical development has also an influence on
the pilot routes. Planned pilot operations will test longer
and more complex pilot routes (see Chapter 4.3). Neverthe-
less, numerous infrastructural adaptation measures are cur-
rently being carried out for the pilot operations. The re-
strictions that the measures will impose on the local
population are of importance here. Signs are not a direct
restriction for the population in contrast to route changes,
route closures or stopping bans. However, the authors also
see some of these measures as an opportunity to reduce the
number of vehicles in cities and to improve the overall traf-
fic flow.

The authors conclude from these results that the num-
ber of pilot operations can have a positive effect on experi-
ences with automated driving and the development of au-
tomated shuttle buses. Whether the automated shuttle bus
can be implemented in the short term (in the next few years)
as a new mobility solution in public transport and can rep-
resent a real alternative to conventional buses cannot be
predicted in general. This certainly depends on the respec-
tive use case and the further development of automated
shuttle buses [Bel19, pp. 10ff; Bral8, pp.4ff; Bar20, p. 21].

6 CONCLUSION AND FURTHER RESEARCH

Automated shuttle buses are a future mobility concept
in public transport due to their flexibility and cost effi-
ciency. Since pilot operation with these buses was not
launched in Germany until 2016, this is a new field of re-
search, that is reflected in the small amount of relevant lit-
erature. There is a particular research gap in the area of re-
quirements for pilot routes and infrastructure. However,
both are especially relevant for local authorities and
transport companies as initiators of projects with auto-
mated shuttle buses. The implementation of a pilot project
is based on the pilot route. For this reason, the development
of potential pilot routes is one of the first tasks in the pro-
ject. Especially since the automated driving functions are
currently not fully developed, the pilot route and infrastruc-
ture are of special importance.

In order to determine the requirements for pilot routes
and infrastructure, a best-practice analysis was carried out
on projects with automated shuttle buses in Germany.
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Since the requirements also depend on the technical capa-
bilities of the vehicles, the performance of the automated
shuttle buses was evaluated with the help of a market anal-
ysis. Both analyses were mainly conducted online and with
little personal contact.

The results of the best practice and market analysis are
summarised as follows: A total of 49 pilot projects in Ger-
many were examined. Pilot projects are being conducted in
rural and urban areas. The number of pilot companies,
manufacturers and vehicles is increasing. The market anal-
ysis, in which four shuttle bus manufacturers answered the
questionnaire, shows that the promised performance of au-
tomated shuttle buses has not yet been achieved in the pilot
operations. The pilot operations are running at lower speeds
and sometimes with fewer passengers. In general, the per-
formance of the automated shuttle buses does not come
close to that of conventional buses. Based on these results
the requirements for pilot route and infrastructure are de-
rived. With regard to the pilot route requirements, it is ap-
parent that on average the routes are no longer than three
kilometres and have up to six stops. These are the prereg-
uisites for a continuous operation. If the route is extended,
the number of vehicles should therefore also be increased.
In addition, care must be taken to ensure that the width of
the carriageway is sufficient and that a gradient of 15 % is
not exceeded if possible. A good Internet connection with
4G is also beneficial. The complexity of the routes in-
creases with crossings, traffic lights, roundabouts or multi-
ple lanes. However, it is also the aim of the pilot companies
to push the technical possibilities of the vehicle to their lim-
its. Therefore, by adapting the traffic infrastructure, the
journey of the automated shuttle bus can be made easier.
Minor adjustments relate to signs and road markings, while
major adjustments include stopping bans or road closures.

These results can be used in the future for preparation
and implementation of pilot operations, especially with re-
gard to the planning of the pilot route. Although the auto-
mated shuttle bus can only be a short-term alternative in
public transport under certain conditions, the authors advo-
cate the implementation of further pilot operations. The ex-
perience of the pilot operations can have a positive effect
on the technological development and the automated shut-
tlebus can be an alternative in future public transport with-
out any restrictions.

This type of survey should be repeated because of the
dynamics and major technical changes in the field auto-
mated shuttle buses. To this end, the survey methodology
should be reconsidered in further research with a view to
enlarging the sample or making it more personal.

With regard to future pilot operations, the aim should
be to gradually increase speeds and automation at complex
traffic points.
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136150280108/150280108/00300146/4
6-Anlagen/02/Anlage2.pdf.

Called of on 09.06.2020.

Stadt Kelheim; Autonomes Fahren in
Kelheim, 2020, https://www.kel-
heim.de/autonomes-fahren/.

Called of on 09.06.2020.

Stadtwerke Osnabriick AG; Verschie-
bung der Hubi-Testphase in Bad Essen,
2020, https://www.hubchain.de/aktuel-
les/verschiebung-der-hubi-testphase-in-
bad-essen/.

Called of on 09.06.2020.

Stadt Regensburg; Durchfiihrung einer
zweijahrigen Testphase fur den Betrieb
von autonom fahrenden Kleinbussen
(People Mover), 2020, https://srv19.re-
gens-
burg.de/bi/vo020.asp?VOLFDNR=1591
O#searchword.

Called of on 09.06.2020.

Stadtwerke Osnabriick AG; Testphase
am ICO in Osnabriick ist beendet!,
2020, https://www.hubchain.de/stre-
ckennetz/ico-osnabrueck/.

Called of on 09.06.2020.

Stadt Regensburg; Autonomer Shuttle-
bus fiir den Gewerbepark, 2020,
https://www.regensburg.de/regensburg-
507/kurz-knapp/autonomer-shuttlebus-
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[Sus19]
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fuer-den-gewerbepark.
Called of on 09.06.2020.

Stadtwerke Osnabriick AG; HUB
CHAIN startet zweite Testphase am
Wissenschaftspark Osnabriick, 2020,
https://www.hubchain.de/aktuelles/hub-
chain-startet-zweite-testphase-am-wis-
senschaftspark-osnabrueck/.

Called of on 09.06.2020.

Stadtwerke Osnabriick AG; Die Hub
Chain-Strecke in Bad Essen, 2020,
https://www.hubchain.de/strecken-
netz/bad-essen/.

Called of on 09.06.2020.

Steffen, Ulrich; Autonome Shuttlebusse
in Wusterhausen, personel interview on
13.12.2019.

Strumann, Holger; Im Sommer geht in
Soest der erste Bus ohne Fahrer am
Lenkrad auf Tour, 2020,
https://lwww.soester-anzeiger.de/loka-
les/soest/sommer-geht-soest-erste-ohne-
fahrer-13522300.html.

Called of on 09.06.2020.

Slidwestdeutsche Landesverkehrs-AG;
Premiere in Baden-Wirttemberg: Auto-
nom fahrender Bus rollt in Lahr, 2018,
https://www.sweg.de/html/aktuell/aktu-
ell_u.html?&m=761&arti-
kel=10840&cataktuell=716&volltext-
stichwortsuche=autonom.

Called of on 09.06.2020.

Sudwestdeutsche Landesverkehrs-AG;
Autonomer Bus in Lahr, 2018,
https://www.sweg.de/html/me-
dia/dl.html?i=36405.

Called of on 09.06.2020.

Siidwestfalen Agentur GmbH; Galerie,
2020, https://www.sam-unter-
wegs.de/Galerie/.

Called of on 09.06.2020.

Sidwestfalen Agentur GmbH; SAM
,, Stdwestfalen Autonom & Mobil ,
2020, https://www.sam-unterwegs.de/.

Stdwestfalen Agentur GmbH; SAM

,, Stdwestfalen Autonom & Mobil “ - Er-
fahrungen aus Drolshagen, 2020,
https://www.sam-unterwegs.de/Erfah-
rungen-aus-Drolshagen/.

Called of on 09.06.2020.

Sustainable Mobility for All; Global
Roadmap of Action: Toward Sustaina-
ble Mobility, 2019,
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[Syl19a]

[Syl19b]

[Sys06]

[Tec20a]

[Tec20b]

[Tec20c]

[Tec20d]

[Tec20e]

[T6p97]

https://sumd4all.org/data/files/gra-global-
roadmapofaction-press.pdf.
Called of on 08.07.2020.

Sylter Verkehrsgesellschaft; Autonom,
2019, https://www.naf-
bus.de/app/down-
l0ad/14377129629/Flyer%20SVG%20
NAF%20Bus%20mit%20Fahrplan.pdf?t
=1593689153.

Called of on 09.06.2020.

Sylt TV; Sylts autonomer Bus in Keitum
wurde sehr positiv angenommen, 2019,
https://www.sylt-tv.com/sylts-autono-
mer-bus-in-keitum-wurde-sehr-positiv-
angenommen.html.

Called of on 09.06.2020.

Syska, Andreas; Produktionsmanage-
ment: Das A - Z wichtiger Methoden
und Konzepte fiir die Produktion von
heute, Wiesbaden. GWV Fachverlage
GmbH, 2006. ISBN 978-3-8349-9091-
4,

Technische Universitat Berlin; Mit auto-
nom fahrenden Bussen durch Berlin,
2020, https://www.tu-berlin.de/ztg/pro-
jektseiten/neues_forschungspro-
jekt_shuttles co_digitales_test-
feld_stadtverkehr/.

Called of on 09.06.2020.

Technische Universitdt Hamburg-Har-
burg; Tabula - Team, 2020,
https://wwwz2.tuhh.de/tabula/team/.
Called of on 09.06.2020.

Technische Universitat Hamburg-Har-
burg; Tabula, 2020,
https://wwwz2.tuhh.de/tabula/.

Called of on 09.06.2020.

Technische Universitdt Hamburg-Har-
burg; Projektdurchfiihrung, 2020,
https://www2.tuhh.de/tabula/projekt-
durchfuehrung/.

Called of on 09.06.2020.

Technische Universitat Hamburg-Har-
burg; Allgemeine Fragen zum Projekt
TaBula, 2020, https://www?2.tuhh.de/ta-
bula/fag/.

Called of on 09.06.2020.

Topfer, Armin; Kernfragen des Bench-
marking, in: Armin Topfer (Hrsg.),
Benchmarking - Der Weg zu Best Prac-
tice, Berlin, Heidelberg, Springer-Ver-
lag, 1997, S. 3-14. ISBN 978-3-642-
60821-6.
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Trauner, Sandra; Zukunft des Nahver-
kehrs, 2018, https://www.op-on-
line.de/region/frankfurt/zukunft-nahver-
kehrs-9791305.html.

Called of on 09.06.2020.

Verkehrsverbund Rhein-Necker GmbH;
Die Zukunft der Mobilitat in Mannheim,
2017, https://www.vrn.de/ver-
bund/presse/pressemeldun-
gen/pm/003249/index.html.

Called of on 09.06.2020.

Verkehrsverbund Rhein-Necker GmbH;
RoboShuttle auf FRANKLIN ab Friih-
jahr 2019geplant, 2018,
https://www.vrn.de/mam/ver-
bund/presse/pm/dokumente/2018/22-
18 projekt_roboshuttle_auf fran-
klin_bei_vdv-zukunftskongress_in_ber-
lin_vorgestellt.docx.pdf.

Called of on 09.06.2020.

Verband Deutscher Verkehrsunterneh-
men; Autonome Shutte-Bus-Projekte in
Deutschland, 2020,
https://www.vdv.de/liste-autonome-
shuttle-bus-projekte.aspx.

Called of on 17.07.2020.

Verkehrsgemeinschaft Landkreis Kel-
heim; Kelheim Altstadtbus, 2020,
https://www.landkreis-kelheim.de/me-
dia/5361/autonome-verkehre-din-a4-_-
quer-kelheim.jpg.

Called of on 09.06.2020.

Verkehrsbetriebe Hamburg-Holstein
GmbH; Automatisiert verkehrende
Busse im Kreis Herzogtum Lauenburg,
2020, https://vhhbus.de/tabula-autono-
mes-fahren/.

Called of on 09.06.2020.

Verkehrsgemeinschaft Landkreis Kel-
heim; Abendsberg Stadtbus, 2020,
https://www.landkreis-kelheim.de/me-
dia/5360/autonome-verkehre-din-a4-_-
quer-abensberg.jpg.

Called of on 09.06.2020.

Verkehrsgemeinschaft Landkreis Kel-
heim; Weltenburg Kloster, 2020,
https://www.landkreis-kelheim.de/me-
dia/7297/autonome-verkehre-welten-
burg.jpg.

Called of on 09.06.2020.

von Aster, Ernst-Luwig; Unterwegs in
Deutschlands erstem autonomen Bus,
2017, https://www.deutschlandfunkkul-
tur.de/bus-ohne-fahrer-unterwegs-in-
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deutschlands-erstem-autono-
men.2165.de.html?dram:ar-
ticle_id=392232.

Called of on 09.06.2020.

Westdeutscher Rundfunk; E-Bus be-
schadigt: Autonomes Fahren in Mon-
heim verzogert sich, 2019,
https://www1.wdr.de/nachrichten/rhein-
land/autonomes-fahren-monheim-bus-
beschaedigt-100.html.

Called of on 09.06.2020.

[Wes19]

[Wiel7] Wiener Stadtische Versicherungs AG;
Flnf Stufen des autonomen Fahren,
2017, https://www.wienerstaedti-
sche.at/fileadmin/user_upload/Doku-
mentenpool/Unternehmen/Presse/Pres-
semeldungen/35_Autonomes_Fahren_F
uenf-Stufen-Grafik.jpg.

Called of on 09.06.2020.

Wilkens, Andreas; Autonomes Fahren:
Selbstfahrende Shuttles am Frankfurter
Flughafen, 2017,
https://www.heise.de/newsticker/mel-
dung/Autonomes-Fahren-Selbstfah-
rende-Shuttles-am-Frankfurter-Flugha-
fen-3866252.html.

Called of on 09.06.2020.

Wintersberger, Philipp; Frison, Anna-
Katharina; Thang, Isabella; Riener, An-
dreas; Mensch oder Maschine? Direkt-
vergleich von automatisiert und manuell
gesteuertem Nahverkehr, in: Andreas
Riener, Alexandra Appel, Wolfgang
Dorner, Thomas Huber, Jan Christopher
Kolb, Harry Wagner (Hrsg.), Autonome
Shuttlebusse im OPNV, Berlin, Heidel-
berg, Springer Berlin Heidelberg, 2020,
S. 95-114. ISBN 978-3-662-59405-6.

Wintersberger, Philipp; Locken, An-
dreas; Frison, Anna-Katharina; Riener,
Andreas; Evaluierung von Benutzeran-
forderungen flr die Kommunikation
zwischen automatisierten Fahrzeugen
und ungeschtzten Verkehrsteilneh-
mern, in: Andreas Riener, Alexandra
Appel, Wolfgang Dorner, Thomas Hu-
ber, Jan Christopher Kolb, Harry Wag-
ner (Hrsg.), Autonome Shuttlebusse im
OPNV, Berlin, Heidelberg, Springer
Berlin Heidelberg, 2020, S. 115-134.
ISBN 978-3-662-59405-6.

Wochenblatt Verlagsgruppe GmbH; Au-
tonomer Shuttlebus ab Oktober 2020 im
Gewerbepark in Regensburg unterwegs,
2020,

[Wil17]

[Win20a]

[Win20D]

[Woc20]
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https://www.wochenblatt.de/boule-
vard/regenshurg/artikel/313825/autono-
mer-shuttlebus-ab-oktober-2020-im-ge-
werbepark-in-regensburg-unterwegs.
Called of on 09.06.2020.
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