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Abstract—Increasing the share of multimodal journeys is be-
coming more and more urgent in our society in order to guarantee
a high level of mobility in the long term. While car drivers are
already assisted by advanced guidance and navigation facilities,
continuous on-trip assistance for multimodal travelers is still in its
infancy. Especially when it comes to situations of modal change,
travelers get discouraged by the increased complexity and the
lack of adequate information and guidance. Thus, the goal of our
research over the past three years has been to integrate existing
information systems and to design and implement the prototype of
a digital personal travel companion for multimodal travelers. This
paper discusses typical travel situations and possible barriers for
people traveling on multimodal journeys. To address these chal-
lenges, functional requirements for a personal travel companion
are derived from the analysis of the situations. The main sections
of this paper describe our results focusing on personalized mul-
timodal journey planning, mobile multimodal trip management,
and smart-phone-based pedestrian orientation and guidance in
complex public transport transfer buildings.

Index Terms—Digital assistants, multimodal transport, nav-
igation systems, pedestrian guidance, public transport, travel
information systems.

I. INTRODUCTION

ONE OF THE MOST important needs of society today is
mobility, and this need is likely to grow in the future.

The continuously increasing demand for mobility has so far
resulted in exceptional growth rates for motorized individual
transport. Increased motorized transport requires a powerful
road infrastructure and intelligent traffic management systems.
However, to guarantee a high level of mobility in the long
term, a shift toward multimodal transport is necessary. Policy
makers, transportation experts, and decision makers claim that
a shift from individual to public transport will have to occur
and that a significant share of journeys of tomorrow will be
multimodal, implying the usage of more than one means of
transport on a single journey. This claim is confirmed by a
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survey among Austrian travelers [39], which showed that about
20% of travelers would be willing to use alternative means of
transport if they had access to multimodal travel information.

While more and more car drivers are assisted by advanced
guidance and navigation facilities, travel assistance typically
ends when travelers leave their cars and continue the journey
with other means of transport. Looking at public transport,
continuous personal travel assistance is often poor or not avail-
able. Orientation and guidance in unknown public transport
systems require time-consuming planning processes and the
study of different maps, timetables, and information terminals.
Smooth and fast movement along public transport routes with
a personal digital assistant (PDA) at hand is still an open
issue. Current information systems are typically built from
many heterogeneous systems that lack integration. Whereas
multimodal journey planning in the pretrip phase is at least
available via web access for urban regions, the planned journey
can typically not be used in the in-car navigation system nor can
the journey be accessed via a mobile terminal. Multimodal trip
planning systems and in-car navigation systems are at present
non-interoperating domains.

Over the last three years, a consortium of Austrian and
German transport associations, research organizations, and
companies led by the largest Austrian public transport associa-
tion, known as the Verkehrsverbund Ost-Region,1 has worked
on the integration and extension of existing travel informa-
tion systems in order to achieve continuous personal on-trip
assistance for multimodal travelers. The goal is to overcome
the deficiencies of heterogeneous nonintegrated systems and to
provide new approaches to passenger guidance and information
on public transport systems in order to encourage more people
to take advantage of multimodal transport.

This paper focuses on aspects of improving information and
orientation for travelers along such multimodal journeys. The
main questions answered are how to personalize multimodal
trip planning, how to provide continuous on-trip information
to multimodal travelers, how to integrate in-car navigation and
multimodal trip management, how to provide information on
when to change from individual motorized transport to public
transport, how to provide guidance and orientation in situations
of modal change in the public transport system, and how to
assist travelers in finding their way to the destination address
once they get off at the last stop provided by public transport.

1http://www.vor.at/.
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II. MULTIMODAL TRAVELING: TASKS AND BARRIERS

Multimodal traveling requires extensive pretrip planning,
continuous on-trip information, and end-trip assessment. The
multimodal traveler model, which was developed in the
Infopolis 2 project [20], describes the tasks and activities from
a user’s perspective. This model was taken as a basis for
analyzing travel situations, traveler needs, and potential barriers
along multimodal journeys.

A. Tasks

We classify typical tasks according to the pretrip or on-trip
phase of a multimodal trip.

1) Pretrip: Before starting a trip, people determine key
parameters such as travel purpose, the time frame, price expec-
tations, or preferred means of transport. People can use web-
based travel planners in order to get information and then plan
how to travel from point A to point B. Besides route planners for
motorized individual transport (e.g., Map242) or public trans-
port (e.g., Austrian Federal Railways3), recently, multimodal
web-based journey planners (e.g., intermodal journey planner
(IJP)4 or EU-SPIRIT5) have also reached some maturity and
thus have gained considerable attention. Research projects like
EU-SPIRIT [10], DELFI [31], ISCOM [22], or INTREST [21]
defined the basics of multimodal route planning.

The significant change to previous travel planners is that
these multimodal journey planners are able to calculate trips
between two addresses consisting of different trip parts, e.g.,
one by car, one by underground, one by bus, and at least a
pedestrian path to the destination address. According to user
preferences, the calculated route alternatives (a route alternative
is a possible connection between start and end points that
meets the travelers’ needs) are weighed. Parameters for the
personalization of the routing process are time, number of
transfers, price, and preferred transport means, or Park&Ride
(P+R) facilities. Information about the calculated routes has to
satisfy traveler needs. Relevant information needs in the pretrip
phase include the connection, the start and end parts, transport
means, number of transfers, public transport schedules, transfer
descriptions, map visualizations of the route, and prices. The
key benefit of multimodal journey planners is the “door-to-
door” information logic and the possibility to compare different
route alternatives [20].

2) On-Trip Tasks: After starting the trip, information about
the travel tasks along a selected route is necessary. Travel
tasks include multimodal trip planning in cars, searching for
P+R facilities, navigating to P+R facilities, changing from
car to public transport, orientation in public transfer facilities,
orientation along public transport routes, and orientation on
the last mile from the public transport stop to the destination
address. Especially, the last mile of a multimodal journey is of-
ten difficult to accomplish for travelers. For example, catching

2http://www.map24.com/.
3http://www.oebb.at/.
4http://195.30.232.155/bay/index_en.htm.
5http://euspirit.vbb-fahrinfo.de/.

the wrong underground exit makes it difficult to find the right
address. The lack of end-trip information is one of the typical
barriers in the context of multimodal travel.

B. Barriers

Barriers in multimodal travel situations are frequent, and
this prevents people from changing means of transport. Typical
examples of such barriers are listed as follows:

1) Lack of Public Transport Information in Cars: Web-
based multimodal trip planners and in-car navigation systems
are totally independent systems. The preplanned route cannot
be transferred to the in-car navigation system. Instead, the car
part of the journey has to be planned a second time. This means
that the user has to enter the name or the coordinate of the P+R
manually. Also, digital road networks as used for car routing
typically ignore public transport. Thus, it is most likely that
the P+R is not known to the in-car navigation system, and it
is difficult to find a routing endpoint near the P+R. Timetable
information, real-time information about the status of the public
transport network, and information on the availability of free
parking lots at the P+R are missing.

2) Complexity of Public Transport Systems and Difficult
Transfers: Public transport systems are complex [18] and often
provide obstacles especially for travelers who are not used to
public transport. Using a public transport system for the first
time requires a number of questions to be answered [20]. These
questions typically arise before or on entering an unknown
public transport system. When it comes to situations of modal
change [34], people often get lost. Typical situations of modal
change are from car to public transport, from public transport to
public transport, or from public transport to walking. Transfer
situations within the underground network are typically easier
than changing from underground to bus or tram. Barriers for
travelers include finding the right exit from the underground
station and finding bus or tram stops over ground.

3) Lack of Information System Integration and Personaliza-
tion: Typically, information systems for individual motorized
transport or public transport are heterogeneous, and people have
to be prepared for different modes of user interaction. Espe-
cially when leaving the car, people are confronted with a broad
variety of new information systems including local guidance
systems, orientation plans, electronic timetables, scoreboards
for real-time information, or onboard information systems. All
these information systems are standalone and do not provide
personalized trip information. Thus, travelers have to do the
integration in their heads, which leads to an increased cogni-
tive load. A personal travel companion at hand could bridge
the information gap between car, P+R, and public transport
information systems.

4) Lack of End-Trip Information: Having reached the final
public transport stop, the last barrier is to find the right ad-
dress. Whereas car travelers are often navigated exactly to the
destination address, multimodal travelers exiting from a public
transport network are left alone at the final stop. Information
about the final stop, where to find the exit, and how to get
oriented in the surrounding area of, e.g., the bus or tram stop,
is needed.
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5) Lack of Return-Trip Information: A frequently arising
barrier is the missing information about the return trip. This
includes navigation and guidance back to the public transport
stop, different route possibilities, and detailed information on
the possible sections of the overall route.

Considering the aforementioned aspects, it seems obvious
that the missing link is an integrated traveler assistance system
for palm use that should provide on-trip information for typical
travel situations along multimodal journeys. With the results of
the analysis in mind, we derived functional requirements for a
personal travel companion, as described in the next section.

III. FUNCTIONAL REQUIREMENTS FOR A PERSONAL

TRAVEL COMPANION

For the definition of the requirements (i.e., Sections III-A–
III-D), we considered the barriers described above and the
four key properties, namely 1) personalization, 2) continuity,
3) mobility, and 4) seamlessness, which according to
Heuwinkel [17] are the key characteristics of digital assistants.

Personalization of digital assistants means that the informa-
tion provided is directly related to one person. This is in contrast
to information systems for public transport, which provide gen-
eral information. Continuity implies that the digital assistant is
always active and can be used in whatever situation the traveler
is in. Mobility describes the characteristic of digital assistants
to be always near the person, e.g., the digital assistant can be
carried in the palm or elsewhere on the body. Seamlessness is
reached when the digital assistant not only provides information
for one location or situation but also informs the assisted person
independently from the current location.

A. Personalized Multimodal Trip Management

With this requirement, we focus on extensions of existing
multimodal journey planners. The two key aspects are per-
sonalization and trip management. Personalization of journey
planning means that personal preferences are considered in
the journey planning process. This is a key requirement for
the acceptance of the service. Multimodal journey planning is
a complex process with many different parameters that have
significant impact on the quality and thus on the acceptability
of the suggested route. In order to get optimized routes out of
the planning process, the consideration of personal preferences
and settings is important. Personalized settings should allow the
selection of preferred means of transport, to exclude unwanted
means of transport, to set personal walking options, to select
mobility requirements, to select a maximum number of trans-
fers, to select time constraints, or to select waypoints. An exam-
ple of personal travel preferences selection is given in Fig. 1.

Another key aspect is personal trip management. Trip
management encompasses the functionality of storing personal
routes, accessing these personal routes later via different infor-
mation systems, keeping a personal history of planned routes,
or preferred travel locations, and of centrally storing routes
planned on different travel information systems like in-car nav-
igation, web-based journey planner, or mobile journey planner.
Personal trip management guarantees the integration of pretrip

Fig. 1. Example of personal travel preferences selection in the London IJP.
Transport for London.

travel planning and on-trip assistance. Moreover, it provides
convenient access to the system for frequent travelers.

B. Continuous On-Trip Access to Multimodal Trip Data

A key requirement for a personal travel companion is the
continuous on-trip access to multimodal trip data. Starting with
travel planning in the pretrip phase, it is important to have
access to trip data along the whole journey, no matter whether a
person is traveling by car, bus, train, underground, or walking.
For continuous mobile access, different prerequisites have to
be fulfilled. First of all, data for the whole multimodal route
have to be available. This includes data from the street network,
data from the public transport network, data from transfer facil-
ities, and data from pedestrian networks. Only the acquisition
and integration of these data sets for arbitrary geographical
areas can contribute to continuous trip information. End-user
devices used along the multimodal route have to be equipped
with personal travel companion applications reading the trip
descriptions and extracting the right section of the trip, e.g.,
an in-car navigation system has to be able to access the trip
data, interpret the trip sections, and accept the car section as
the current route. In order to achieve continuity, it is necessary
to make the description of a multimodal trip interoperable,
exchangeable, accessible from everywhere, and self-describing.

C. Personal Orientation and Guidance Along Trip Sections as
Well as in Transfer Situations

Increased complexity [18], information overload, and be-
ing uneasy about unknown situations often prevent people
from choosing multimodal travels. Whereas in-car journeys are
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assisted by navigation systems, there is nothing similar avail-
able for public transport or pedestrians, although orientation
within unknown public transport systems is not easier than in
road networks.

From a technical point of view, providing guidance and
orientation in complex transfer buildings or from public trans-
port stops to target addresses and vice versa is a challenging
task. Pedestrian navigation in combined indoor/outdoor envi-
ronments is still an open issue. The key questions address po-
sitioning, description of buildings, transition between indoors
and outdoors, and the generation of route descriptions in the
surrounding environment of public transport stops.

D. Interoperability of Travel Information Systems

Interoperability is one of the biggest problems in the domain
of multimodal travel information. As can be expected, different
modes of transport result in heterogeneous information systems
to be involved in providing data. Problems arise at different
levels. First of all, focusing on the data, there is the problem of
nonintegrated digital transport networks. Digital road networks
as typically used for in-car navigation do not include the
public transport network. The same is true for infrastructure
related to the public transport network like transfer points for
motorized individual transport (e.g., P+R) or transfer buildings.
For multimodal route planning, public transport networks and
road networks have to be integrated. Another problem arises
from different geographic reference systems. Experiences with
different travel planners have shown that coordinates, although
in the same coordinate reference system, do not point at the
same objects, e.g., the same coordinate in one system points
to a different road in another system or a coordinate in one
system points to a P+R, whereas in the other system, it points
to a street near the P+R. Recent projects (e.g., INTREST
[21] in Germany) have addressed these shortcomings and have
developed integrated multimodal geographic reference systems.

At the service level, significant efforts toward standardized
service descriptions and interfaces have been made. Interna-
tional standards like XML, OpenGIS, and OpenLS6 or DELFI
[31] have brought significant advancement; however, currently
used route planning, navigation, gazetteer, and map services
are still quite far away from being interoperable. Services from
different domains (e.g., route planning for cars, route planning
for public transport, timetable information, parking informa-
tion, real-time traffic data) are typically not interoperable. For
achieving interoperability, an additional interoperability layer
for integrating these services has to be provided.

Concerning end-user devices and applications, web standards
have brought a good degree of interoperability to web-based
clients. However, when it comes to mobile devices, hetero-
geneity is prevalent. In-car navigation systems are typically
standalone applications tailored to one specific device. Open
interfaces and possibilities for data exchange are rare. Experi-
ence has shown that bringing multimodal route information to
in-car navigation systems is a challenge. Mobile devices like
smart phones suffer from incompatible characteristics such as

6http://www.opengeospatial.org/.

heterogeneous functionality, limited resources, display proper-
ties, or interaction modes, and are error prone. Similar user
interaction on different devices is a requirement in order to cope
with usability issues.

IV. RELATED WORK

According to the key research questions described in
Section III, we classify related work along the following cat-
egories: multimodal journey planning, theory of way finding in
public transport buildings, pedestrian navigation pilot systems,
and indoor-positioning technologies.

Multimodal journey planning is a relatively well-researched
area, and some of the research prototypes are already in
commercial usage. EU-Spirit [10] is a European travel infor-
mation system offering the calculation of door-to-door travel
itineraries between European cities or regional areas. Beside the
operational system, results include open interface definitions
and harmonized metadata. The main goal of the ISCOM [22]
project was to model the ways to and from public transport
stops in a geographic reference system in order to integrate
these paths into the multimodal routing network. Results from
the ISCOM project are the basis for the IJP provided by Mentz
Datenverarbeitung GmbH,7 which was used for our prototype
applications. Personalization of routes was one goal of the
German research project “Der orientierte Mensch” [8]. One of
the results was the possibility to store public transport or car
routes (a combination is not possible) in a personal travel map
for on-trip access on mobile devices. The Smartkom Mobil [16]
project combines car and pedestrian navigation and includes the
search for parking facilities near sights. A special emphasis is
given to different interaction possibilities with digital maps. To
summarize, none of the above projects focuses on the combina-
tion of mobile multimodal trip management and guidance along
multimodal routes.

The human navigation and way-finding process in public
transport buildings is based on concepts of human spatial
cognition [7], [15]. Rüetschi and Timpf [37], [38] developed
a conceptual model for describing the way-finding process in
public transport stations. We used this conceptual model for
modeling transfer buildings. Fontaine and Denis [12] analyzed
spatial human cognition in subway stations. One of the re-
sults of the study with several users is that directing signs
are important elements for the navigation and way finding
in public transport stations. This result is also confirmed by
May et al. [27] in a requirements study of pedestrian navigation.
Our approach builds upon theoretical concepts of way finding,
focusing on the design and implementation of navigation aids.
Especially, the consideration of path segment types and signs
in the generation of maps and guidance instructions addresses
spatial human cognition.

There are many pilot projects that address different top-
ics of pedestrian navigation, like user interaction, positioning,
cartographic visualization, and data transfer. REAL [1] and
M3I [25] are developed for indoor and outdoor environments.
REAL describes a hybrid navigation system that adapts the

7http://www.mentzdv.de/.
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presentation of route directions to different output devices and
modalities. M3I presents an approach that connects a variety
of specialized user interfaces to achieve a personal navigation
service spanning different situations. The NAVIO project [13]
analyzes important aspects of designing a pedestrian navigation
system for indoor and outdoor environments. The main parts
of the project are integrated positioning technologies, multi-
criteria route planning, and multimedia route communication.
LoL@ [28] is a pedestrian navigation system for tourists, which
operates on smart phones. LoL@ focuses on the cartographic
visualization of multimedia content. As far as we know, there
exists at present no pilot system that focuses on guidance of
public transport passengers in transfer facilities.

Addressing the field of positioning, Retscher and Thienelt
[36] discuss suitable location technologies for pedestrians. In
their study, they test and demonstrate different positioning tech-
nologies like satellite positioning, cellular phone positioning,
dead reckoning sensors for measurement of heading and trav-
eled distance, and barometric pressure sensors for height de-
termination. For indoor positioning, most of the prototypes are
based on Infrared, wireless LAN (WLAN), or Bluetooth [11],
[19], [25], [40]. Whereas Infrared needs line of sight, WLAN
positioning needs costly calibration and cannot be accessed by
typical smart phones. Existing Bluetooth positioning systems
are mainly server based and thus require a costly installation
procedure. In our approach, the requirements were to support
an easy and cheap installation procedure and the use of off-the-
shelf smart phones.

V. DESIGN OF A PERSONAL TRAVEL COMPANION

On the basis of the requirements outlined above, our design
for a multimodal personal travel companion focuses on inte-
grated information systems for multimodal journey planning
and on-trip assistance. While the multimodal journey planner
provides comprehensive functionality for personalized route
planning in the pretrip phase, the mobile travel companion
allows on-trip multimodal trip management, orientation, and
guidance.

A. Multimodal Journey Planning

Multimodal journey planning is possible in the pretrip phase
using a web application and in the on-trip phase using the per-
sonal travel companion on mobile devices like smart phones or
on in-car navigation systems. Personalized multimodal routes
can be stored centrally on a server and accessed during the
journey. The central storage and mobile access on different end-
user devices addresses the requirements for personalized trip
management and continuous mobile access. In the following
sections, we describe the essential features concerning multi-
modal route calculation and personalization in order to cope
with the requirements.

1) Multimodal Route Calculation: Multimodal route calcu-
lation is done “door-to-door.” The reference points may be
addresses, entrances to a point of interest, or public transport
stops. If the journey planner is accessed in the on-trip mode,
the start point can also be determined via a coordinate from
an automatic positioning system. The route is calculated on

Fig. 2. Detailed map of transfer point Matzleinsdorferplatz, Vienna.

integrated public transport, road, and pedestrian networks. The
networks are connected at defined transfer points and are based
on a common geographic reference system. The output of the
route calculation is a detailed overview of possible connections
between route sections for cars, public transport, and sections
for walking. The personal preferences are considered in the
route calculation process. The whole route is also visualized
on a map. Detailed maps for transfers can be requested (Fig. 2).

The calculation of detailed transfer routes is one concrete
innovation of our multimodal journey planner. The prerequisite
for this calculation is a model for transfer buildings including
a routing-enabled pedestrian network. For modeling transfer
buildings, we have adapted and extended a conceptual model
originally proposed in [37] and [38]. The model distinguishes
between the network space (the public transport network itself)
and the scene space (the nodes of the public transport network,
e.g., transfer facilities). Scene space describes the space where
way finding takes place in public transport transfer facilities.
This space is modeled by the schematic geometry, which
is based on image schemes [23] and affordances [14]. The
nucleus of the model is a hierarchical logical representation
describing transfer buildings. Our adapted model builds on the
main data categories: buildings, floors, regions, gateways, and
items. Transfer buildings are cut into different floors with a
hierarchical order. Floors are logically structured in different
nonoverlapping walkable regions. For the connection of floors
and regions, gateways are used. Typical representations of
gateways are stairs, elevators, escalators, or ramps. For better
orientation, it may be necessary to collect data for certain items.
These items may be signs, ticket machines, shops, etc. Items
can either afford a user interaction like ticket machines, or they
can be used as orientation marks like signs. Items are linked
to regions and are mainly used to provide a better interaction
between way finders and the surrounding environment.

The second important part of our model of transfer buildings
is the pedestrian routing network. This graph-based network
consists of nodes and segments and has to be linked to the
logical model of buildings and to road and public transport
networks. To each node or segment, we are able to assign
certain attributes that are used for route computation and
generation of routing instructions. Nodes are marked with a
floor number. When a path is computed, the order of floor
numbers provides details whether the segment between two
nodes leads up or down. Segments have type attributes. Type
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attributes can be an ordinary path (even level), stairs, escalators,
elevators, or ramps. With this information, we are able to realize
a selective route computation based on personal demands in
order to optimize transfer time, route complexity, or walking
effort [18]. Especially for wheel chair users, it is also important
to know about single steps on an otherwise level floor or about
the steepness of ramps. Another important attribute is the time
needed to traverse a certain segment. The complete time for the
transfer has to be considered for continuous route calculation.
In order to provide personalized transfer times, we use time
factors for each path segment. During the route calculation,
these time factors are multiplied by the default velocity settings
in the traveler’s personal profile.

2) Personalization: Personalized route calculation means
that personal preferences are considered by the multimodal
routing service. Possible parameters are transfer options like
how many transfers are preferred or the average walking speed
during transfers, transport mode options like which modes
should be excluded or which modes are preferred, mobility
options like “I cannot use stairs” or “I need wheelchair ac-
cessible vehicles,” time constraints like “I only want to walk
for 10 minutes or less,” and travel options like via stops (e.g.,
known P+R facilities). Calculated routes can be personalized
and stored for later use. Moreover, the journey planner keeps a
history of recently planned routes and entered locations.

B. On-Trip Assistance

For on-trip information and guidance, we propose two
integrated applications, namely 1) multimodal extensions to
in-car navigation systems and 2) a mobile personal travel
companion on smart phones. The main goal of the research was
to provide continuity and seamlessness. Mobile multimodal
trip management on different end-user devices, navigation and
orientation in transfer buildings, and navigation and orientation
to the destination address, and continuous positioning are the
approach we took to address these requirements.

1) Mobile Multimodal Trip Management: Mobile multi-
modal trip management means that multimodal trips can be
planned on mobile devices and that personalized preplanned
multimodal trips stored on a central server can be accessed
from different mobile devices. We considered in-car naviga-
tion systems, PDA-based car navigation systems, smart-phone-
based car navigation systems, and a smart-phone-based travel
companion. For car navigation systems, we found it useful to
integrate the multimodal trip management as an extension to
available navigation systems rather than replacing the systems.
With these extensions, people can still use their preferred
car navigation system but can also make use of multimodal
functions such as loading pretrip planned routes, plan multi-
modal routes, or get information about nearby P+R and public
transport schedules. The extensions to existing navigation sys-
tems guarantee the continuity and seamlessness of multimodal
information and are considered as a valuable contribution to the
convergence of information systems for motorized individual
transport and public transport.

For personal assistance in public transport networks, we
provide multimodal trip management on a smart-phone-based

travel companion for palm use. Leaving the car at the P+R,
the travel companion can be taken along which addresses the
requirement for mobility and continuous mobile access to mul-
timodal trip data. The same functionality as provided for in-car
navigation is also available on the smart phone client: access to
personalized preplanned routes, planning of multimodal routes
between two addresses, planning of multimodal routes from
the current position to a destination, and storing of routes
on the central server. Moreover, due to personalization, the
mobile client is able to track travelers and inform them about
congestions on the route.

2) Navigation and Orientation in Transfer Buildings: Navi-
gation and orientation in transfer buildings and on pedestrian
routes are still in an early stage of research. There is some
conceptual work on way-finding behavior in public transfer
buildings [37], [38], but as far as we know, there is no exist-
ing pilot system that focuses on guidance of public transport
passengers in transfer facilities. We define guidance as an
information-technology-based tool assisting pedestrians in the
process of way finding, which means a purposeful interaction
with an environment with the defined aim to reach a certain
place or goal [37], [38]. Our guidance system provides the
following services.

— Select the optimized pedestrian route according to the
user’s profile in transfer buildings (e.g., from the car to
the platform or from one platform to another).

— Give instructions for pedestrians in order to optimize
their transfer and to improve their orientation.

— Select the most relevant information out of the scene
space based on the calculated footpath in order to
improve the interaction between way finders and the
environment.

— Reduce complexity of the pedestrian’s navigation task
by providing detailed timetable information of public
transport connections, detailed floor plans of transfer
buildings, automatic positioning, and thus filtering of
information from the individual’s point of view [28].

The process of guidance in transfer buildings can be de-
scribed as follows [35]: Travelers changing from car to public
transport turn ON the personal travel assistant after leaving their
car. The active route is automatically loaded on the smart phone.
If the transfer building is equipped with an indoor-positioning
system, the appropriate route section is activated. Information
provided for this route section includes a detailed description
of the transfer building, the logical model of the building,
floor plans, the calculated transfer route, route instructions, and
positioning information. The activation of the route section
initiates the loading of the floor plan, zooming to the user’s
current position, and giving instructions on how to walk to the
next decision point. Floor plans are simplified representations
of the scene space, including floor numbers, walkable regions,
calculated route segments, gateways, signs, and optional orien-
tation marks. Beside general information on the building, floor
plans typically only show data relevant for the calculated path.
Thus, floor plans have to be generated dynamically from the
model. Examples of floor plans are shown in Fig. 3.
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Fig. 3. Screenshots showing the map-based guidance in transfer buildings
(manual and automatic navigation mode).

Regarding route instructions, it is important to avoid simple
turn-by-turn instructions that are solely based on geometric
information of the form “Walk nine meters straight and turn
left.” Instead, instructions should refer to observable physical
objects in the scene space in order to improve the interaction
of pedestrians and the environment [33]. Referenced objects
can be gateways, signs, or orientation marks. The generation of
route instructions is based on a set of standardized text building
blocks that allow us to create appropriate path descriptions
for most cases. For complex scenes, it is possible to link
manual route directions to specific path segments. This basic
path description is combined with information from nearby
landmarks and signs that are stored in the database. In doing
so, it is possible to reference signs that do not explicitly refer to
the traveler’s destination but point them in the right direction. In
this fashion, we are able to automatically generate instructions
like “Walk to the lower end of the stairs marked with the sign
‘Neubaugasse.’ Walk up the stairs.”

3) Navigation and Orientation to the Destination Address:
As described in Section II-B, finding a destination address from
the last public transport stop is challenging. For pedestrian
routing and navigation, the road network as well as sepa-
rately modeled pedestrian networks can be used. Pedestrian
networks can either be extensions to street networks (e.g.,
sidewalks, pedestrian crossings, or pedestrian underpasses)
or road-independent networks (e.g., transfer buildings, parks,
or pedestrian zones). The important difference between road
and pedestrian networks is that the routing network and the
surrounding environment have to be modeled in a different
scale. Whereas, for car navigation, it is sufficient to model
roads in a large scale (e.g., coarse-grained road segments with
attributes), for pedestrian navigation, paths and the surrounding
environment have to be modeled in more detail in order to be
of use for navigation and orientation purposes. Because of the
slow movement of pedestrians, the perception of the environ-
ment is significantly increased, and thus, local landmarks and
detailed walkable regions in scales of 1 : 500 have to be shown
on maps and referenced in route instructions. For example,
the modeling of overground transfer facilities has to include
public transport platforms, public transport infrastructure like
tracks or bus stops, walkable pedestrian regions, nonwalkable

regions, prominent buildings or other objects, connections to
sidewalks of nearby streets, and pedestrian crossings. Maps or
instructions generated on the basis of road network data cannot
meet these requirements; thus, it was a challenging task to
adapt the models and to generate fine-grained maps and routing
instructions. For example, one significant adaptation had to
be made to the precision of the coordinate reference system:
For the generation of detailed pedestrian maps, the granularity
had to be changed from a precision of meters to a precision
of centimeters. Otherwise, it would not have been possible to
generate a sufficiently precise map of geographic objects.

4) Positioning: The basis for navigation in outdoor as well
as in indoor environments is positioning. Although our guid-
ance system provides manually navigable maps and a list of
step-by-step route instructions that can be manually acknowl-
edged, the maximum convenience for travelers can be achieved
with automatic positioning. In order to cope with the require-
ments for continuous assistance, we had to provide continuous
positioning no matter whether users are indoors or outdoors.
Whereas outdoor positioning is available in variable quality
through the use of global positioning systems (e.g., GPS),
indoor positioning has not yet reached the same level of ma-
turity. For indoor positioning, numerous different approaches
that vary greatly in terms of accuracy, cost, and used technology
exist [19], [27]. In order to be applicable for our scenario, we
determined the following acceptance criteria:

— to provide high enough accuracy to determine the region
in which the user currently is;

— to have broad support of end-user devices;
— to work without cellular network connection;
— to be cost effective;
— to require little installation effort.

We opted for a Bluetooth-based solution because it met our
requirements most closely. First of all, a great share of smart
phones sold today incorporate this technology and thus will
support automatic positioning without additional hardware on
the client side. Furthermore, pretests showed us that we should
reach a high enough accuracy for providing orientation and
useful instructions for the way-finding process.

Most of the commercially available location systems based
on Bluetooth (e.g., [2], [3], and [26]) use an infrastructure of
interconnected Bluetooth access points. These access points
permanently execute inquiries in order to detect nearby Blue-
tooth devices. Once discovered, their location is determined on
the server side, and appropriate information is pushed onto the
detected device. In large public transport stations, however, it
would be very resource consuming or even impossible to install
an LAN interconnecting the access points.

Our approach to a cell-based positioning system makes use
of a client-side query and a set of passive Bluetooth beacons.
The smart phone clients are constantly looking for beacons in
the proximity that broadcast their unique ID. After receiving a
beacon ID, the client looks up the associated position informa-
tion in a list that is part of the building description. If all the
relevant data for a transfer building are cached on the device,
navigation will work without any network connection. This
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Fig. 4. State transitions of indoor navigation algorithm.

offline capability is a crucial requirement for, e.g., underground
stations suffering from low cellular network coverage.

The beacons utilized for the pilot system (BlueLon Bodytags
BT-002 [3]) have adjustable transmission power that allows for
adjusting cell sizes. In this way, we are able to adapt it to the
needed accuracy or to the room topology at hand (i.e., hall,
room, or corridor). Ideally, cell sizes should be selected in a way
that the covered area is not overlapping with the other beacons;
otherwise, this would result in an ambiguous position.

Due to the signals’ spherical propagation behavior, it is not
always possible to completely separate individual cells (i.e.,
signals crossing floor bounds). To overcome this problem, we
exploit the data model’s hierarchical nature and use knowledge
from the calculated path as well as information known from
history. In a first step, we discard detected beacons that are
outside of the current region.

Furthermore, we can determine a sequence of beacons that
will be passed when walking along the calculated route. If still
more than one beacon is seen and one of them is the next
expected beacon, it is assumed that the user most probably
moved one step further along the way. Likewise, if the next
logical beacon is not found but the one following thereafter is,
we consider one beacon to have been skipped (Fig. 4).

Another challenging characteristic of the Bluetooth technol-
ogy is the rather long delay from entering a device’s transmit
range until its actual detection. This can take up to 13 s and
imposes a lower bound to the usable cell sizes, because a user
may have passed the beacon without detecting it. However,
most of the time, beacons are found within the first 5 s [29].

Practical tests have shown that reissuing the query after this
duration yields higher detection probability. Together with the
fault tolerance mechanism outlined above, we achieved a usable
cell size of down to 4 m, which is sufficient for providing useful
route instructions.

As described in the requirements above, a crucial require-
ment for the personal travel companion is continuity. Continuity
in positioning means that transition from indoor to outdoor or
vice versa is done automatically.

In our approach, automatic transition is achieved through
tagging regions with the positioning mode. Outdoor regions are
mostly tagged with GPS, whereas indoor regions are tagged
with Bluetooth. This approach works well for outdoor to indoor
transitions, where the navigation application simply discon-
nects from the GPS receiver and starts searching for Bluetooth
beacons. Having found the first beacon, the personal travel
companion knows the indoor position and continues to give
route instructions for the indoor route.

Transitions from indoor to outdoor are done in a similar
fashion: when the last beacon before an exit is found, the smart
phone client stops querying and connects to the GPS receiver.
However, as commonly known, we are also facing the problem
that currently available GPS receivers need an initialization
time of about 30 s up to several minutes to deliver a reliable
position. We try to address the problem by pretending that the
user is constantly moving along the calculated path until we are
able to determine the exact location. In most of the cases, this
behavior will lead to better results, because there is a higher
chance of walking out of the GPS signal shadowed area near
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Fig. 5. Overview of the system architecture.

the building. We expect significantly better results once A-GPS
[9] becomes more widely available.

VI. PROTOTYPE APPLICATIONS AND IMPLEMENTATION

In this section, we give some implementation-specific details
on the prototype applications. An overview of the system
architecture is given in Fig. 5. The system architecture is built of
three layers, namely 1) a client layer, 2) an interoperability layer
called Media Transformation, and 3) the multimodal journey
planner on the server side. For multimodal journey planning,
we use the IJP from Mentz Datenverarbeitung GmbH. This ser-
vice provides all the personalization functions described in the
requirements above. Adaptations were necessary for calculating
personalized pedestrian routes and for requesting trip informa-
tion, maps, descriptions of route segments, and descriptions of
transfer buildings. The IJP provides a standard access interface
based on XML and the DELFI protocol. An interoperability
layer called Media Transformation ensures compliance with
different client applications.

Different client applications were implemented for the pilot
system. The applications include a proxy-based extension for
a Siemens VDO in-car navigation system, an extension mod-
ule for TomTom Navigator, and a personal travel companion
application on smart phones. The Web Journey Planner was
adapted in order to show detailed transfer maps and transfer
descriptions.

The car navigation systems were extended in a way that made
it possible to load preplanned multimodal routes from a server,
to show the different sections of the trip on the device, and to
load the car section into the navigation system. Moreover, it was

Fig. 6. Connection of the Siemens VDO PC 5510pro navigation unit and the
multimodal journey planner.

possible to plan multimodal routes from a current location to
the destination address entered in the car navigation system, to
find a suitable P+R, to get information on the public transport
route, and to store the route on a server for later use on the
smart-phone-based personal travel companion [4], [5].

The Siemens VDO PC5510pro in-car navigation device of-
fers a serial interface for data exchange and remote access. This
gave us the opportunity to extend the user interface with addi-
tional menu items pushed from a proxy application running on
a smart phone. The smart phone was connected via Bluetooth
to the navigation system and communicated with the server
system via a cellular network [5] (Fig. 6).

As a PDA-based car navigation system, we used TomTom
Navigator. TomTom Navigator offers an API, which can be used
to read the current position, the destination, and to integrate
custom functionality for multimodal trip management. The
PDA communicated with the server via the cellular network and
an HTTP/XML-based protocol [5].

The smart phone client was realized with the mobile Java
platform J2ME. The reference device is the off-the-shelf smart
phone Nokia 6630. The building blocks on the client are as
follows:

— a microbrowser for interaction with the multimodal
journey planner and presenting server-calculated trip
information;

— a plugin mechanism for the microbrowser to start specific
extension modules (Smartlets and Services);

— a navigation plugin (Navigation Smartlet) for handling
all navigation-specific user interactions;

— a location service and two different location providers for
automatic location acquisition;

— a local data cache for caching trip and navigation relevant
data (necessary for offline use).

The main interaction concerning trip planning and browsing
trip information on the client is done via a microbrowser.
This microbrowser allows rendering of server-generated pages
similar to xHTML pages. However, advanced functionality
on the client cannot be handled appropriately by a standard
xHTML browser. Thus, the browser is enabled for handling
small extension modules called Smartlets. The Smartlets are
referenced in the markup language by proprietary tags. Upon
activating a Smartlet link, the microbrowser starts the corre-
sponding Smartlet and hands over the control to the appro-
priate module. This mechanism constitutes a tradeoff between
server-generated user interfaces, where the design is easily
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Fig. 7. Overview of the J2ME client architecture.

exchangeable, and additional functionality, which allows using
local resources like positioning infrastructure on the smart
phone device.

One of these Smartlets is the Navigation Smartlet. The
Navigation Smartlet asks the local data cache for the journey
data of the current trip including route descriptions, building
descriptions, and maps. Maps are delivered as geo-referenced
bitmaps or vector graphics. Bitmaps can be split up in multiple
tiles in order to improve loading times (Fig. 7).

The local data cache either uses locally stored data or fetches
data from the server. This mechanism allows for preloading all
the data for a whole journey or at least for one transfer building.
Different strategies for preloading of data are possible.

Navigation Smartlet performs the entire map rendering and
communicates with locally available positioning providers like
GPS and/or Bluetooth providers. Communication with Blue-
tooth is implemented using the Java Bluetooth API (JSR-82),
which is available on recent smart phones like the Nokia 6630.
Communication with the GPS receiver is done via the NMEA
protocol over a serial Bluetooth connection. Without automatic
positioning, the user has the possibility of scrolling maps
manually and to switch to other floors by interactively selecting
gateways on the map. Moreover, users can also jump step-by-
step through the instruction list and match the instructions with
their actual position manually.

VII. EVALUATION

The prototypes of the described system were developed and
tested over the last three years. We demonstrated the prototypes
in different pilot systems and organized test settings in the field.

The development of the Siemens VDO proxy application on
a smart phone was cumbersome, since no simulation toolkit was
available. We had to continuously test the proxy application in
combination with the navigation device.

With field tests, we tested the system for applicability in real-
world scenarios. We installed the in-car navigation system and
the PDA-based navigation system in a Chrysler Voyager Con-
cept Car. We selected two test regions in Salzburg and Vienna.
We identified the main corridors from each direction leading
to the city centers and predefined four test trips covering the
corridors. For the test trips, we selected start points and target
addresses. Within the route corridors, we identified relevant
P+R facilities and car parks with public transport connection.
For all of the test trips, we determined the ideal and all the
possible transfer points from car to public transport. The test
scenario was to drive along the test routes with the concept car
according to a predefined test plan. In the test plan, we planned
the routes exactly, including the expected duration for going
along the routes, the locations, where to start the request to our
multimodal journey planner, and the expected results. During
the test trips, we logged relevant parameters, including the lo-
cation of the car at the time of request, the exact time of request,
the round trip time of requests, the result of the request, or error
messages. We used the test results to optimize the prototype
applications and did several reruns of the tests. The test phase
for the in-car navigation systems was going on for one month.
Relevant outcomes from the tests were the following.

— Requests to the multimodal journey planner were suc-
cessful in about 60% of the test cases.

— About 25% of the requests terminated without results
because no P+R or no public transport connection could
be found.

— About 15% of the requests terminated because of a
timeout caused by poor network connection in the
moving car.

— Poor network connection and high latencies also caused
long round-trip times (about 30–60 s).

— Long round-trip times had the effect that in many situa-
tions, we had already passed the suggested P+R by the
time we got the result.

— Slight changes in the location information caused unex-
pected and irreproducible variations of the results.

In addition to the system tests, we also did user tests of the in-
car multimodal extensions during public events around Vienna
and Salzburg. During AGIT 2004,8 we provided hourly round
trips with the concept car for five visitors each, demonstrating
multimodal trip planning on the Siemens VDO and TomTom
navigation systems. People found the multimodal extensions
useful. Especially, people who were not familiar with the local
public transport system found the suggested P+R facilities and
the public transport connections useful. However, most of the
people criticized that using the system while driving would
probably take up too much of the driver’s attention and would
therefore be hazardous.

For testing the navigation in transfer buildings, we followed
a three-step testing strategy. First, we developed and tested
the application on a simulator. Second, we simulated an un-
derground station in our office building and tested the navi-
gation in this simulated environment. Third, we installed test

8AGIT: Conference and Exhibition for Applied Geoinformatics, Salzburg.
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environments in two different buildings for field tests. Dur-
ing AGIT 2005, we implemented a test installation of the
Bluetooth-based indoor navigation system, which was publicly
accessible and thus tested by approximately 60 persons. With
the pilot system, people were able to plan multimodal routes
from any address in Salzburg to selected locations at the confer-
ence venue (e.g., a lecture auditorium or a specific exhibitor).
The multimodal route included the pedestrian route from the
nearest public transport stop to and inside the building. We
tested outdoor as well as indoor pedestrian navigation. Impor-
tant evaluation results could be generated from the automatic
transitions between outdoor and indoor. Although the proof-of-
concept was approved, we got some hints on the weaknesses,
e.g., inaccurate GPS positions could prevent timely transition,
and long setup times of the GPS receiver could prevent people
from continuing the navigation after transition from indoors
to outdoors. We tried to cope with these shortcomings in
later prototypes, e.g., allowing for manual acknowledgement if
automatic transition cannot be done reliably. Altogether, people
assessed the multimodal route planning as well as combined
indoor/outdoor navigation as useful.

In autumn 2005, we installed a test environment in the
Vienna underground tram station Matzleinsdorfer Platz. The
whole station was equipped with 30 Bluetooth beacons on
the ceiling at a distance of about 10 m. The installation of
the test beacons took about 1 h. Afterwards, the positioning
system was ready to use. During the time frame of one week, we
thoroughly tested the personal travel companion application.
Although the application was tested in the office building
before, we found a number of malfunctions. It was a challenge
to calculate optimized transfer routes, to provide reliable posi-
tioning, to cope with transitions from indoor to outdoor and vice
versa, and to provide meaningful maps of buildings as well as
guiding instructions. After one week of testing, the application
was prepared for the user tests. Travelers were guided by the
prototype of the personal travel companion on smart phones
along six predefined test routes. Twenty test persons partici-
pated in the test setting; the average assessment was 2.43 on
a scale from 1 (best) to 6 (worst). Four persons found the travel
companion very good, nine persons good, two persons satisfy-
ing, and five persons not useful. Points of criticism were the
complicated input of addresses for route planning and orienta-
tion problems with the maps provided. One important outcome
was that orientation of people can be improved by turning the
digital floor plan on the mobile phone in a way that the route is
leading ahead in walking direction. Another important outcome
concerning Bluetooth positioning was the proof in principle that
this is a viable approach; however, many fine tuning concerning
the adjustment of the beacons was necessary in order to improve
positioning accuracy to a sufficient level. In order to further
improve positioning accuracy, reliability, and usability, more
research on this topic has to be done in the future.

VIII. CONCLUSION

In this paper, we described typical travel situations dur-
ing multimodal journeys and barriers preventing people from
choosing multimodal travel options. To address these barriers,

we stated four requirements for a multimodal personal travel
companion. With these requirements in mind, we proposed
the design of digital multimodal travel assistance applications
focusing on personalized and integrated multimodal trip man-
agement, continuous on-trip access to multimodal trip informa-
tion, navigation, and orientation in transfer buildings as well as
on outdoor pedestrian routes. Our approach of personal travel
assistance makes a considerable contribution to the integration
of in-car navigation and multimodal trip management, mobile
multimodal trip management, and advanced guidance in com-
plex transfer buildings.

The field tests, on one hand, successfully demonstrated the
integration of different information systems and the resulting
benefit for travelers. On the other hand, still many open issues
have to be solved in order to transfer the prototype into a prod-
uct for the mass market. For future research and development
on the way to continuous multimodal travel assistance, we have
identified the following key success factors.

— Car navigation systems are not prepared for multimodal
extensions. It is necessary to call upon manufacturers
to integrate multimodal extensions or at least to open
navigation systems for third-party extensions.

— Navigational data sets are mainly targeted at car nav-
igation. Standards for multimodal data acquisition and
exchange, especially for the last mile, are missing. These
standards will be a necessity for area-wide multimodal
travel assistance systems.

— The key success factor for developing location-based
services on mobile devices is to design applications
strongly in accordance with user needs and to build on
experiences of users at a very early stage of development.

— Systematic and standardized approaches for developing
and testing mobile applications have to be established in
future research. The lack of approved methodologies re-
sults in new applications without any guaranteed quality
for users. The lack of quality is an inhibitor to broad user
acceptance of digital assistants.

— Well-designed field tests for location-based services are a
crucial success factor. The continuous change of context
parameters obviously leads to a number of test cases
in the field. These test cases are necessary in order to
guarantee reliability of mobile applications and cannot
be simulated in an office environment.

In the future, our research will focus on the open issues and
on possibilities to transfer the prototypes into products together
with commercial partners.

REFERENCES

[1] J. Baus, A. Krüger, and W. Wahlster, “A resource-adaptive mobile navi-
gation system,” in Proc. Int. Conf. Intell. User Interfaces, San Francisco,
CA, 2002, pp. 15–22.

[2] Blip Systems. (2006, Dec.). BlipZones. [Online]. Available:
http://www.blipsystems.com/Default.aspx?ID=903

[3] Bluelon Headquarters. (2006, Dec.). Bluelon BodyTag BT-002.
[Online]. Available: http://www.bluelon.com/index.php?id=263

[4] S. Bruntsch and K. Rehrl, “Vienna-SPIRIT: Smart travelling by using inte-
grated and intermodal traveller information,” in Proc. 5th Eur. Congr. and
Exhib. Intell. Transp. Syst. and Services—ITS Crossroads Eur. Transport,
Hannover, Germany, 2005.



42 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 8, NO. 1, MARCH 2007

[5] ——, “Vienna-SPIRIT—Combining intermodal traveller information
with onboard/offboard navigation services,” in Proc. Eur. Navigat.
Conf.—GNSS, Munich, Germany, Jul. 19–22, 2005.

[6] C. Ciavarella and F. Paternò, “The design of a handheld, location-aware
guide for indoor environments,” Pers. Ubiquitous Comput., vol. 8, no. 2,
pp. 82–91, May 2004.

[7] R. P. Darken, T. Allard, and L. B. Achille, “Spatial orientation and
wayfinding in large-scale virtual spaces II,” Presence, vol. 8, no. 6,
pp. iii–vi, 1999.

[8] PTV AG. (2003, Apr.). Schlussbericht zu DOM—Der Orientierte
Mensch. [Online]. Available: http://www.tuvpt.de/fileadmin/pdf/
Mobidienste/DOM_Abschlussbericht_PTV.pdf

[9] G. M. Djuknic and R. E. Richton, “Geolocation and assisted GPS,”
Computer, vol. 34, no. 2, pp. 123–125, Feb. 2001.

[10] Verkehrsverbund Berlin-Brandenburg. (2006, Dec.). EU-SPIRIT
short description. [Online]. Available: http://www.eu-spirit.com/pdf/
shortdescription.pdf

[11] S. Feldmann, K. Kyamakya, A. Zapater, and Z. Lue, “An indoor bluetooth-
based positioning system: Concept, implementation and experimental
evaluation,” in Proc. ICWN, Las Vegas, NV, 2003, pp. 109–103.

[12] S. Fontaine and M. Denis, “The production of route instructions in
underground and urban environments,” in Proc. COSIT, C. Freksa and
D. Mark, Eds., 1999, vol. 1661, Lecture Notes in Computer Science,
pp. 83–94.

[13] G. Gartner, A. Frank, and G. Retscher, “Pedestrian navigation system
for mixed indoor/outdoor environments—The NAVIO Project,” in Proc.
CORP and Geomultimedia Symp., Vienna, Austria, Feb. 24–27, 2004,
pp. 165–171.

[14] J. J. Gibson, The Ecological Approach to Visual Perception. London,
U.K.: Lawrence Erlbaum, 1999.

[15] R. G. Golledge, “Human wayfinding and cognitive maps,” in Wayfinding
Behavior, R. G. Golledge, Ed. Baltimore, MD: Johns Hopkins Univ.
Press, 1999, pp. 5–45.

[16] J. Häußler and A. Zipf, “Multimodale Karteninteraktionen zur Naviga-
tionsunterstützung für Fußgänger und Autofahrer,” in Proc. AGIT-Symp.,
Salzburg, Austria, 2003, pp. 110–119.

[17] K. Heuwinkel, “Zwischen Heinzelmann und Frankenstein—Ansatz zur
Etablierung Digitaler Begleiter als Moderne Vertraute des Menschen,”
Ph.D. dissertation, Heinrich-Heine-Universität, Düsseldorf, Germany,
2004 (in German).

[18] C. Heye, U. J. Rüetschi, and S. Timpf, “Komplexität von Routen in
öffentlichen Verkehrssystemen,” in Proc. Angewandte Geographische
Informationsverarbeitung XV, Salzburg, Germany, 2003, pp. 159–168
(in German).

[19] J. Hightower and G. Borriello, “Location systems for ubiquitous comput-
ing,” Computer, vol. 34, no. 8, pp. 57–66, Aug. 2001.

[20] Infopolis 2 Consortium: Needs of Travellers and Analysis Based on
the Study of their Tasks and Activities, 1999. Deliverable 3. [Online].
Available: http://www.ul.ie/~infopolis/pdf/info2_del3.pdf

[21] Oberste Baubehörde im Bayerischen Staatsministerium.
(2005, Aug.). INTREST—Exchange platform for traffic-relevant data.
[Online]. Available: http://www.intrest.org/

[22] ISCOM, Data Models and Data Exchange Formats, 2002, Munich,
Germany. IST Project Deliverable D2.

[23] M. Johnson, The Body in the Mind. Chicago, IL: Univ. Chicago
Press, 1987.

[24] C. Kray, C. Elting, K. Laakso, and V. Coors, “Presenting route instructions
on mobile devices,” in Proc. IUI, 2003, pp. 117–124.

[25] A. Krüger et al., “The connected user interface: Realizing a personal
situated navigation service,” in Proc. Int. Conf. Intell. User Interfaces,
Funchal, Portugal, 2004, pp. 161–168.

[26] Lesswire AG. (2006, Dec.). LocalNavigator. [Online]. Available:
http://www.lesswire.com/

[27] A.-J. May, T. Ross, S. H. Bayer, and M. J. Tarkiainen, “Pedestrian navi-
gation aids: Information requirements and design implications,” in Pers.
Ubiquitous Comput., vol. 7, Dec. 2003, pp. 331–338.

[28] L. Meng, “Ego centres of mobile users and egocentric map design,” in
Map-Based Mobile Services, Theories, Methods and Implementations.
Berlin, Germany: Springer-Verlag, 2005, pp. 87–105.

[29] B. Peterson, R. Baldwin, and J. P. Kharoufeh, “A specification-compatible
bluetooth inquiry simplification,” in Proc. 37th HICSS, Waikaloa, HI,
2004, p. 90 307.1.

[30] G. Pospischil, M. Umlauft, and E. Michlmayr, “Designing LoL@, a mo-
bile tourist guide for UMTS,” in Proc. Int. Symp. Hum. Comput. Interact.
With Mobile Devices, Pisa, Italy, 2002, pp. 140–154.

[31] F. J. Radermacher, M. Schaal, and S. Schnittger, “DELFI—Durchgängige
Elektronische Fahrplaninformation,” Forschungsinstitut für An-

wendungsorientierte Wissensverarbeitung, Ulm, Germany, 1999.
(in German).

[32] M. Raubal, “Structuring wayfinding tasks with image schemata,”
M.S. thesis, Univ. Maine, Orono, ME.

[33] M. Raubal and S. Winter, “Enriching wayfinding instructions with lo-
cal landmarks,” in Geographic Information Science, vol. 2478. Berlin,
Germany: Springer-Verlag, pp. 243–259.

[34] K. Rehrl, H. Rieser, and S. Bruntsch, “Vienna-SPIRIT: Situations-
bezogene, integrierte Reiseunterstützung für intermodale Reisen,” in
IfGI Prints, Münsteraner GI-Tage, Muenster, Germany, 2004, vol. 22,
pp. 83–96 (in German).

[35] K. Rehrl, N. Göll, S. Leitinger, and S. Bruntsch, “Combined
indoor/outdoor Smartphone navigation for public transport travelers,” in
Proc. 3rd Symp. LBS & TeleCartography, G. Gartner, Ed. Vienna,
Austria: Tech. Univ. Vienna, 2005, pp. 235–239.

[36] G. Retscher and M. Thienelt, “NAVIO—A navigation and guidance
service for pedestrians,” J. Global Positioning Syst., vol. 3, no. 1–2,
pp. 208–217, Feb. 2004.

[37] U. J. Rüetschi and S. Timpf, “Modelling wayfinding in public trans-
port: Network space and scene space,” in Proc. Spat. Cogn., Chiemsee,
Germany, pp. 24–41.

[38] ——, “Schematic geometry of public transport spaces for wayfinding,”
in IfGI Prints, Münsteraner GI-Tage, Muenster, Germany, 2004, vol. 22,
pp. 191–203.

[39] Verkehrsverbund Ost-Region: User Survey About Intermodal Travel Infor-
mation Systems, Dec. 2002, Vienna, Austria (in German).

[40] Y. Wang, X. Jia, H. K. Lee, and G. Y. Li. (2003). “An indoors wire-
less positioning system based on wireless local area network infrastruc-
ture,” in Proc. 6th Int. Symp. Satell. Navigat. Technol. Incl. Mobile
Position. and Locat. Serv., Melbourne, Australia. [Online]. Available:
http://nisl.hau.ac.kr/SATNAV03-Wang.pdf

Karl Rehrl received the degree in computer science
from the University of Linz, Linz, Austria. He is
currently working toward the Ph.D. degree at the
Technical University of Vienna, Vienna, Austria.

While working in several national research
projects with Salzburg Research, Salzburg, Austria,
he gained expertise in the area of mobile and multi-
modal traveler information systems. Since 2004, he
has been heading the Mobile and Web-based Infor-
mation Systems Research Group, Salzburg Research.
His current research focus is on integrating concepts

of human spatial cognition into pedestrian navigation systems.

Stefan Bruntsch received the degrees in transport
planning and traffic engineering from the University
of Technology, Dresden, Germany, and the Univer-
sity of Technology, Vienna, Austria.

While working as a Project Assistant with the
University of Technology, he gained professional
experience in European and national projects, deal-
ing with urban development analysis and sustainable
transport planning. At Austrian Research Centers
(ARC) Seibersdorf Research, he was in charge of
research projects in the field of traffic and traveler

information and mobility services. He is currently working at the public
transport association with Verkehrsverbund Ost-Region, Wien, Austria, and
is responsible for the company’s Geographic Information System (GIS) and
the extension of its timetable information system to a multimodal traveler
information system.

Hans-Joachim Mentz received the degree in electri-
cal engineering and data processing from the Tech-
nical University of Berlin, Berlin, Germany. In 1984,
he received his Ph.D. in traffic planning.

In 1972, he founded an engineering office for sci-
entific and technical data processing. Five years later,
he transformed the engineering office into Mentz
Datenverarbeitung GmbH, Munich, Germany, which
is now one of the leading suppliers of multimodal
journey planning systems. He is currently the Man-
aging Director of Mentz Datenverarbeitung GmbH.


