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Abstract—Public transport networks (PTNs) are difficult to use
when the user is unfamiliar with the area she is traveling to, as
shown by a user survey that we present in this paper. This is true
for both infrequent users (including visitors) and regular users
who need to travel to areas with which they are not acquainted.
In these situations, adequate on-trip navigation information can
substantially ease the use of public transportation and be the
driving factor in motivating travelers to prefer it over other
modes of transportation. However, estimating the localization of
a user is not trivial, although it is critical for providing relevant
information. In this paper, we propose the use of an electronic
ticketing infrastructure of a PTN operator for positioning within
the context of the PTN to give on-trip personalized navigation cues.
To our knowledge, this is an innovative contribution that has not
been described or deployed, to date, elsewhere. We assess relevant
design issues for a modular cost-efficient user-friendly on-trip
navigation service that uses position sensors and present the details
of a proof-of-concept prototype running in our laboratory. We also
present and analyze the results of a user survey on the usefulness
of the service and its acceptance by users.

Index Terms—Electronic ticketing, navigation, on-trip assis-
tance, position location estimation, service-oriented architecture.

I. INTRODUCTION

USTAINABLE urban mobility is a key factor for a citizen’s

quality of life, as an increasingly larger amount of the
population lives in urban areas. Acknowledging this fact, the
European Union has recently approved the Action Plan on
Urban Mobility [1], which supports the concept of modal shift
toward public transport as a means to improve environmentally
friendlier and healthier cities. The integration and interoperabil-
ity of different transport networks are seen in that document as
a key feature for the improvement of urban mobility, together
with improved travel information, and electronic ticketing using
smart cards, of which radio-frequency identification (RFID)
is a special case. As a consequence of the first, multimodal
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traveling is bound to increase, and latter technologies are key
for motivating the taking up of new mobility opportunities by
users.

Multimodal trips can be divided into pretrip and on-trip
phases [2], [3]. The first consists of trip planning, and the
latter consists of the actual trip, being further divided into at-
stop, on-bus, and from destination to origin, according to [3].
In each phase, passengers are subject to different cognitive
challenges, experience different barriers and can be assisted
by different kinds of information. Regarding the pretrip phase,
the significant maturity in multimodal trip planning [2] is not
always reflected in the trip planning systems of PTN operators,
particularly for sporadic and infrequent travelers. A recurring
example is the missing integration of street addresses and points
of interest (POIs) in planning, forcing users to guess as to what
is the nearest station to a museum, a public office, or a doctor’s
office.

With respect to the on-trip phase, Rehrl et al. [2] identified
other barriers of multimodal traveling that deter particularly
people unfamiliar with the PTN from using public transport.
Among those barriers are the complexity of PTN and the diffi-
culty during transfers, which often lead to passengers getting
lost during a modal change, as well as increased cognitive
load due to the lack of integrated and personalized on-trip
information.

On another field of battle, PTN operators are deploying
electronic ticketing systems based on RFID technology to im-
prove their operations and service to customers and attract more
customers. Electronic ticketing systems commonly consist of a
network of RFID readers placed at the entrance to a transport or
at the station, be it underground, tram, bus, or train. Passengers
carry tickets that are passive RFID cards and hold them to
the reader at the entrance to the transport or at the station to
validate their trip. The system verifies whether that RFID ticket
is charged with the necessary amount of money or with the
correct fare type to travel from that point. Tickets can usually
be loaded with trips or a budget at public kiosks distributed
in stations. The use of electronic ticketing systems in public
transport networks (PTNs) is rapidly growing worldwide, with
systems deployed in Shanghai, London, Helsinki, Istanbul,
Moscow, Lisbon, Porto, among others, and enjoys good accep-
tance among users.

This paper presents a personal navigation service that lever-
ages the RFID-based electronic ticketing infrastructure to
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address pretrip and on-trip issues. The main contributions of
this paper are the following: 1) the use of the electronic tick-
eting infrastructure as a personalized location sensor within
the PTN; 2) considerations on the design of a realistically de-
ployable user-friendly context-aware on-trip navigation service;
3) details of a proof-of-concept prototype; and 4) a user survey
on the acceptance of users and the willingness to pay for that
service.

The next section describes how to leverage the electronic
ticketing infrastructure of a multimodal PTN to provide
user-relevant location information within a PTN. Afterward,
Section III explains the service requirements that influenced
system design, and Section VI explains the details of the
system’s software architecture. Sections VII and VIII describe
relevant parts of the system, i.e., the itinerary calculation and
the user interface. Finally, Section IX refers outstanding issues,
and Section X concludes this paper and discusses future work.

II. RELATED WORK

RFID is commonly used for location and tracking of goods
in supply chains [4], as well as indoor positioning [5], and has
been previously proposed for improving the accuracy of Global
Positioning System (GPS) positioning by spreading RFID tags
in a city [6]. The system we have designed, which is known
as Navi, has some similarities with the latter, but the novelty
of our solution is leveraging the availability of an existing
geographically widespread network of RFID readers, which
was actually deployed for purposes other than positioning, to
deploy location-based services. Moreover, the system that we
propose does not provide generalized positioning but position
within the context of the PTN. In addition, it delivers personal-
ized information about the user’s chosen route and not generic
information about the PTN or nearby stops.

A major advantage of using electronic ticketing for position-
ing and Short Message Service (SMS) for providing indications
is that both are independent of the capabilities of the devices
owned by the passengers. This differentiates Navi from other
trip planners and navigation assistants such as Navitime [7],
ENOSIS [8], or OneBusAway [9]. Navitime is a multimodal
navigation system available in Japan that uses GPS for outdoor
positioning and cellular towers for when GPS is not avail-
able. For one, these positioning systems are not available on
all mobile phones. Moreover, Navitime requires an Internet
connection while on the move, which is also not available
on all phones and can be costly for a large number of users,
specifically roamers. ENOSIS, which is another multimodal
trip companion deployed in Greece, offers a fully different set
of functionalities, such as ticket booking and departure time
alerts; is more complex; and involves a much wider range of
stakeholders. Navi is much simpler and less costly to deploy,
as it is envisioned as an enhanced service that increases the
added value of an electronic ticketing infrastructure by mo-
tivating users to modal change. OneBusAway provides travel
information in the Seattle area, but location awareness was
just recently added as an iPhone application and provides real-
time departure information about nearby stops, without any
information specific to the user’s route. Moreover, as opposed
to Navi, NaviTime and OneBusAway target frequent users.

Another related service is Google Transit,! which supports
addresses or POIs as start and destination for over 455 cities,?
lets users choose a type of transport, and includes walking times
in the calculation; however, it does not provide on-trip indica-
tions based on user location or enable integration of updated
traffic information in the indications given to the user. It is also
not well prepared for a multidestination itinerary, requiring the
user to choose the order of places to visit. Moreover, it does not
run on standard mobile devices, which are bound to be around
for another couple of years.

III. SYSTEM DESIGN REQUIREMENTS

We designed Navi with three goals in mind, i.e., deployabil-
ity in the very near future, extendibility, and usability. The first
goal is a consequence of our intention to design a system that
stakeholders perceive as realistic and is marketable, where cost
efficiency plays a major role. The second should ensure that
the limitations that may arise today as a consequence of de-
ployability would not limit the possibilities to adapt the service
to technological and policy evolution. Usability is critical for
acceptance of technological assistants by users and will drive
the choice and design of the use case in general, user interfaces,
and interactions.

Deployability and extendability were translated to four sys-
tem requirements.

1) Use commercial off-the-shelf technologies.

2) Use as much existing infrastructure as possible, limiting
changes and additions to existing systems, as a means
to keep deployment costs low. In addition, use as an
interface a device that users carry around with them.

3) Avoid the use of mobile data connections to keep service
costs low for passengers, particularly for tourists who are
roaming.

4) Create a highly modular software architecture with
clearly defined functionalities and well-known interfaces
as a means to facilitate adaptation to different deploy-
ment scenarios and enable easy extension of parts of the
system.

Usability of the system translates into the preferable use of
technologies with which passengers are familiar, minimizing
interaction with the user, and requesting a minimum change of
his habits. Moreover, the interaction should be intuitive, and the
interface should be designed so that users that are unfamiliar
with the service feel comfortable using it.

IV. NAVI: CONTEXT-AWARE PERSONAL NAVIGATOR

For proof of concept, we designed Navi, which is a context-
aware PTN navigator that delivers personalized information to
the passenger using electronic ticketing systems as position
sensor. In this section, we describe the usage scenario of the
envisioned personal navigator complying with the aforemen-
tioned design requirements and targeting infrequent passengers
of a PTN, which have fundamentally different needs than

Uhttp://www.google.com/intl/en/landing/transit/#mdy
2Web site’s own statistics on Jan. 2011.
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frequent users [9]. In this group, we include not only tourists or
visitors but frequent users as well when headed to destinations
out of their current and known parts of the transport network.
The service focuses on providing personalization and mobility
characteristic of digital assistants, as stated by Rehrl et al. [21.3

The service assists a passenger in the pretrip phase by offer-
ing an intuitive web-based interface to plan his trip and, thereby,
gain information about the destination(s) he intends to visit in
the city. Destinations here are points of touristic interest, public
offices, or street addresses and will henceforth be called POIs.
The web interface is available over the Internet or on kiosks
that can be distributed at major PTN stations, hotels, tourist
offices, etc. The system calculates the best route and sequence
of POISs to visit the desired destinations considering multimodal
transportation (by foot, bus, and subway), frequency of public
transports, travel times between PTN stops, average waiting
times for transport change, walking times to POI and back to
the station, and even visiting times for touristic POL

The on-trip assistance is triggered by the validation of the
electronic ticket at each entrance to a transport or station and
consists of an SMS sent to the passenger’s mobile phone giving
indications on how to proceed in his itinerary. To enable this, the
PTN must only provide real-time connectivity of the electronic
ticket readers to a back office, which then forwards necessary
information to the Navi service (see Section VI-B for more
details). The rest of this paper assumes that this is available and
that recent developments in intelligent transport systems make
it realistic to believe that; if not, the necessary connectivity
will soon be added for purposes of telemetry. Alternatively,
the expected adoption of near-field communication (NFC) in
mobile phones, as supported by the GSM Association, will ease
the use of electronic ticketing as position sensor within a PTN.

V. USER SURVEY

A web survey was designed to assess the difficulties that
passengers experience when using public transports and explore
their familiarity with the technologies that we propose for
navigation support and the perceived usefulness of a PTN navi-
gation assistant. The survey was distributed among university
students and their contacts. Although the sample may cause
biased results to some extent, the results give useful insight into
user preferences regarding means of interaction and show that
the proposed service is considered useful by more than two-
thirds of the respondents.

A total of 834 people answered the survey, although not all
respondents answered all the questions, so percentages were
calculated in relation to the total number of respondents to
each question. The respondents were 64% male, 84% younger
than 35, and only 3% older than 50. Of the respondents, 95%
were Portuguese, and 98% stated that they live in Portugal. The
educational level of the respondents was very high, with about
90% currently pursuing or holding a university degree.

3 A video illustrating the usage scenario for the case of a tourist in Porto can
be found in http://youtu.be/BRpqmFEultU. The interface has been redesigned
since, as can be seen in the video attached to this submission.

TABLE 1
SURVEY: “IF YOU EVER EXPERIENCED DIFFICULTIES USING PTN, WHAT
ARE THE REASONS THAT CAUSED THEM?”

Little knowledge of the area where T want to go to 49%
Little knowledge of the PTN 34%
Difficulties relating names in the transport service and  27%

the places I want to go to
Difficulties with the information system of the trans-
port service (e.g.: reading, navigation, etc.)

18%

A. Navigating in a PTN

When asked about whether they could easily find their way
in the PTN using the available information, 49% of the respon-
dents who sometimes use public transport answered that they
always can, 25% said that they can usually find their way, 25%
said that they can only do it in the area in which they live,
and 2% answered that they are incapable of finding their way
without help. Answers regarding the reasons for the difficulties
experienced can be seen in Table 1.

Although 49% referred that they always easily found their
way in a PTN, 62% of them admitted to having experienced dif-
ficulties sometimes when answering the question “If you ever
experienced difficulties using the PTN, what are the reasons that
caused them?,” mostly due to lack of knowledge of the area in
which they are traveling and of the PTN. This reinforces our
assumption that the navigation service can be most helpful for
infrequent users.

B. Familiarity With Devices

The respondents were asked about some of their habits with
the Internet and mobile phone to gain insight into their familiar-
ity with the technologies that we intended to use: web tools for
planning and SMS for receiving navigation indications. When
asked about the frequency of mobile phone use, 95% answered
“everyday” or “several times a day.” When asked about when
they last received a text message, 80% of the users answered
“today,” and 18% answered this “week.” Considering the use
of the Internet, 97% answered that they use it everyday. We also
found out that more than 80% of the respondents plan their trips
in advance, and the preferred planning tools are online tools,
PTN timetables, PTN maps, and tourist guides.

C. Receptiveness to the Proposed Navigation Service

To assess the reaction of passengers to the services that we
propose, we asked the respondents to grade between 0 and 4 the
usefulness of navigation services, where 0 is “not useful” and 4
is “very useful.” Table II shows the percentage of respondents
that classified each service as little or not useful (grades O or
1) and the percentage that classified it as useful or very useful.
The services proposed were always considered useful by more
than 65% of the respondents and “not useful” by more than 5%.
Sending indications to the mobile phone and suggesting routes
to visit a city in a given time were considered very useful by
40% of the respondents. Hence, we conclude that the services
that we propose are relevant and would enjoy good acceptance.
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TABLE 1II
PERCENTAGE OF RESPONDENTS WHO CLASSIFIED THE SERVICE AS
“LITTLE OR NOT USEFUL” AND “USEFUL OR VERY USEFUL”

Service description 0-1 3-4
A service that allows you to define routes ina  18%  66%
kiosk and advises you about the best transports

to take

A service that notices that you are taking the 12%  66%
wrong way, informs you and lets you know
how to get back to the best route

A service that sends guidelines to your mobile  13%  69%
phone with the best options to make your trip
(e.g.: Your goal is to go to the City Hall
and the Pharmacy in the morning. The system
gives you the best indications, providing, when
appropriate, information on the best transport,
or the combination of transports to use)

A service that suggests routes to visit the city  15%  68%
(e.g.: You are visiting a town and the system

suggests you tours, parks, monuments to visit

given a pre-defined tour time)

VI. NAVI SERVICE AND PROTOTYPE

We describe the two phases of a service described in
Section IV as sequences of actions in the next section and
continue with the details of the prototype implementation in the
next section.

A. Service Architecture

The Navi service is designed as a distributed application
for flexibility. All functionalities are distributed on indepen-
dent modules whose functionality can be remotely accessed.
In this way, the modules can be independently extended or
upgraded; functionalities can be easily added and extended
without interfering with existing functionalities; and ultimately,
different services can be offered and maintained by different
stakeholders, as is often the case with PTN operators.

The service consists of a pretrip and an on-trip phase. During
the first, the service obtains the list of POIs to visit from the
user and returns the ordered list corresponding to the calculated
itinerary. This is associated with the card identification (ID) and
phone number, which identifies the user. To achieve this, the
service carries out the following sequence of actions described
with pseudocode:

while !confirm(POI_list) do
POI < user_interface.wait();
if 'known(POI.coordinates) then
GIS_provider.request_reverse_geolocation(POI);
end if
add(POI, POI_list);
ordered_POl=itinerary_service.request_itinerary (POI_list);
display(ordered_POI);

end while

associate(ordered_POI, cardID, phoneNr)

The on-trip service is triggered by the validation of an
electronic ticket. Upon this trigger, the Navi service provider
carries out the sequence of actions shown here in pseudocode,

which culminates with sending the navigation indications to the
user.

[cardID, current_station] «— PTN.wait_ticket_validation();
ordered_POI « get_POI_list(cardID);

unvisited_POI « estimate_and_flag_visited_POI(ordered_
POI, current_station);
ordered_remaining_POI —
itinerary (unvisited_POI);
transports < itinerary_service.request_route(current_station,
ordered_remaining_POI);

SMS_text «— build_SMS(transports);

phoneNr « get_phone(cardID);
SMS_service.send(SMS_text, phoneNr).

itinerary_service.request_

The Navi service was designed to take into account variable
schedules and travel times according to the time of day, as
well as PTN anomalies, by recalculation of the ordered list of
unvisited POIs and the sequence of transports to take between
two stations only step by step, i.e., as the user moves along his
itinerary. Hence, if any changes to the PTN transport service
occur during the on-trip phase, they can be incorporated in the
navigation instructions given to the user. Moreover, recalculat-
ing the itinerary for the unvisited POIs at every ticket validation
enables the service to deal with the case of the passenger getting
lost and showing up at a station where he is not expected. He
will be given indications on how to get to his next estimated
unvisited POI anyway.

To achieve this, the service estimates the POIs that the
passenger has visited based on the planned itinerary before
calculating the itinerary for the remaining POIs. If the user
shows up at the station at which he was expected to be, the
service assumes that he has been to the POIs that were on the
way according to the planned itinerary. If the user shows up
somewhere else, the system estimates the likely route taken
from the last known POI to the current station, and the POIs on
the way are marked as visited. This estimation can be erroneous
for two reasons: First, the estimation that the user visited the
POIs on his way from the last known POI to this station may
be erroneous. This was a design decision that requires user
validation during pilot tests. Second, the user may show up at
an unexpected station, because he decided to change his plans.
To account for this scenario, we allow the user to pause, restart,
and stop the service by responding to indications with an SMS
with the desired command.

Finally, SMS service does not offer service guarantees; it is
possible for the SMS with instructions not to arrive in a timely
fashion, i.e., it can be delayed beyond its useful lifespan within
the operator’s network. This risk is inherent to SMS service, and
there is no preventive measure that can be taken by the service
provider.

B. Prototype Architecture

The architecture of the Navi service prototype is shown in
Fig. 1. The prototype consists of a kiosk with an ASUS mini-
PC P242, which is powered by an Intel Celeron 220 with
2-GB random-access memory, a touchscreen, and a connected
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Fig. 1.

1SO14443B-capable RFID card reader, together with a back
office concurrently running on a virtual machine with nine oth-
ers on a four-core 2.5-GHz processor with 1-GB memory, and
six other card readers emulating PTN stations. The machines
were running the Ubuntu Server Long Term Support Edition
on an Apache 2 HTTP server, with PHP 5, and all databases
are implemented in MySQL 5, all with default configurations,
as the prototype was fully inside the premises of Fraunhofer
AICOS.

The prototype implements the service described using a
service-oriented architecture [10] for flexibility and platform
portability. The functionalities of the independent modules are
exposed through Web Services Description Language* and
accessible over Simple Object Access Protocol (SOAP).> The
route calculation was implemented in C++ integrated with the
libgsoap v2.7.

For enabling electronic ticketing as a position sensor, the
PTN operator is only requested to provide real-time connectiv-
ity of the electronic ticket readers to a back office (the “RFID
Controller” in Fig. 1), which notifies the Navi service through a
SOAP call, indicating the ID of the card and the station where it
was read as parameters. This action triggers the Navi service to
send indications each time the passenger validates his ticket.®

The Navi provider’s infrastructure consists of a back office
that implements the workflows described in the previous section
and an HTTP server hosting the user interface. The graphical
user interface is available on the web and can be accessed
from a kiosk, any personal computer, or even mobile devices
with browsing capabilities. It was developed using XTML,
JavaScript, and CSS, with AJAX for database calls and was
automatically generated using PHP scripts with the help of two

“http://www.w3.org/TR/wsdl/

Shttp://www.w3.org/TR/soap/

%The advent of NFC will enable alternative deployment of the service, which
no longer requires connectivity of the readers, and this scenario will be handled
as future work.

Software architecture of the navigator service prototype as running in the premises of Fraunhofer Portugal AICOS.

PHP libraries Smarty’ and Pear.® The first is a template engine
that enables separation between logics and the interface itself.
The latter enables encapsulating the database queries, easing
query generation.

For trip planning as described in Section IV, the Navi service
needs access to a map server, a geographic information system
(GIS) database of the PTN stations and POIs, and a reverse
geo-coding service to map street addresses into coordinates.
For the prototype, these were obtained from the Google Maps
application programming interface (API).?

Regarding the availability of the station GIS data and trans-
port schedules, several PTN operators have made APIs avail-
able on the Internet to give access to not only transport routes
and schedules but also real-time information on the transport,
such as the expected arrival time at a certain stop.' More
recently, Google has provided a General Transit Feed Specifica-
tion (GTFS),'! which would make all the necessary information
available to the Navi service. Currently, more than 455 transit
agencies and operators worldwide publish real-time data about
their PTN using GTFS. Navi is currently not compatible with
GTFS, because it was not available at the time the service was
a prototype, but the service would require only small changes
to use the GTFS specification.

The itinerary calculation service is offered through SOAP
calls. (The algorithms are described in Section VII.) Itinerary
calculation requires transport schedules and data from a GIS
system, i.e., walking distances between points to visit and
closest PTN stations, which are also obtained from the Google
Maps API. The Navi back office gathers all the necessary GIS
information and transforms it into a weighted graph to which
the best itinerary calculation algorithms can be applied.

http://www.smarty.net/

8http://pear.php.net/

9http://code.google.com/apis/maps/

10Bay Area Rapid Transit: http:/bart.gov/schedules/developers/index.aspx;
CTA Bus Tracker API: http://ctabusapi.jottit.com/; TriMet-Transit tracking
service for Portland, OR: http://developer.trimet.org/

http://www.google.com/intl/en/landing/transit/#mdy
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Finally, kiosks, if they are part of the service, need only to
run a web browser to access the interface. However, to offer
the user an easy interface to associate his ticket ID with his list
of POIs to visit, additional hardware and software are needed
at the kiosks. We opted for the installation of an RFID card
reader plus an HTTP server so that the card ID number retrieved
by the driver of the RFID reader could be passed to the server
using HTTP requests through a PHP script. The HTTP server
running on the kiosk was required, because JavaScript does
not grant access to hardware, and PHP scripts are server-side
scripts. Nevertheless, the kiosk runs very few software modules
so that maintenance of the distributed part of the infrastructure
is limited.

VII. MULTIMODAL ITINERARY CALCULATION

Calculation of the best route between the POISs that the user
wants to visit and the best sequence in which to visit them
are critical functionalities for the navigator service. Currently,
itinerary services commonly require the user to list the stations
of the PTN that he wants to visit and then shows the user
the best path between every two of those stations. On the
one hand, this is not user friendly, particularly for infrequent
users, who often cannot match places they wish to go with the
nearest station(s). Second, the users do not necessarily know the
best sequence to visit several POIs. Thus, we take a different
approach. The user inputs the destinations he wants to visit,
and the system calculates the best itinerary to visit them all:
the corresponding stations, the order in which they can best be
visited, and the sequence of transports to take between every
other one.

We designed a multimodal itinerary calculator that finds the
best itinerary to visit several POIs in the network, considering
both the public transports and the walking distances between
the stations and the POIs to visit. We were confronted with
finding algorithms that are capable of delivering solutions that
are both accurate and timely, as itinerary and route calculation
are embedded in the user interaction in both the pretrip and
on-trip phases (see Section VI-A). In the pretrip phase, the
new itinerary is calculated every time that a POI is added (or
removed); in the on-trip phase, itinerary and route calculations
are performed every time a ticket validation occurs. In both
situations, the user expects a response within a few seconds.
Since the graph of a PTN typically has a very large number
of nodes,'? we separate the problem into two problems: cal-
culation of the shortest paths between every two known nodes
(PTN and known POIs) and calculation of the best itinerary to
visit all the POIs that a user chooses. We will not go into the
details of the mathematical modeling of the problems due to a
lack of space.

1) All Pairs Shortest Paths: The stations of the PTN are
nodes in a weighted graph, with edges representing the
possible connections between them, whose weight is the
travel time. Average travel times between nodes (stations)
of the PTN can be obtained from the transport schedules.

12Porto, which is a middle-size Portuguese city, has more than 2000 bus and
subway stations; London has 270 subway stations and 19 700 bus stations.

The POIs known to the service are also mapped as nodes
in the graph connected both to station nodes and among
themselves by edges whose weight is the corresponding
walking time, which is obtained from a GIS provider. (We
used Google Maps.) The only nodes of the graph that are
not known in advance are the POIs entered by the user.
They are added when the user enters them and the shortest
paths between them, the system POIs, and the PTN nodes
must be calculated in real time in the pretrip phase.

Waiting times are added for each transport connection
and calculated from the amount of transports and their
frequencies between every two nodes. To account for
different schedules or different travel times due to varying
traffic conditions at different times of day, a basic graph
can exist for each period. Anomalies in the PTN require
offline recalculation of these graphs, which does not
influence the response time.

The shortest path between any two nodes minimizes
the sum of the average travel time and the waiting time
and is calculated using a hierarchical approach, as pro-
posed in [11]. The total graph is divided into zones, and
the shortest paths between all nodes within each zone
are calculated, followed by the shortest paths between
the boundary nodes of all zones. Boundary nodes are all
nodes that have direct connections to nodes on another
zone. Since the nodes of a PTN are fixed, these optimal
paths can be precalculated offline. The A* algorithm [12]
is used for all best path calculations due to its improved
time performance over Dijkstra, where the geographical
distance to the destination is used as the heuristic.

2) All POI Pairs Shortest Paths: After the subset of nodes

to be visited is known, containing both system POlIs
and the user-entered POIs, the shortest paths between all
POIs to visit are calculated. These paths consist of one
or more edges of the original graph, passing by one or
more stations, with or without transport changes, so that
one path can consist of more than one transport. Our
algorithm takes this into account and adds a fixed waiting
time each time that a transport change takes place, so that
paths where a single transport is taken are preferred to
paths with changes of transport. These calculations are
performed online in the pretrip phase, and therefore, a
branch-and-bound algorithm was added to keep response
times acceptable.

3) Best Itinerary: After calculating the shortest paths be-

tween all the nodes to be visited, a new graph is built
with only the nodes that the user wants to visit and edges
representing the best paths between them (calculated in
the previous step). The problem is now to find the best
way to visit all the nodes in this new graph. We use Prim
and Kurskal’s algorithm to find the minimum spanning
tree [12] from the start node with a branch that includes
all the nodes, which is a problem that can be solved in
polynomial time.

4) Response Times: Since the best paths between all PTN

stations and system POIs (tourist attractions; frequent
destinations such as schools, stadiums, and malls; etc.)
are calculated offline, the response time does not depend
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TABLE 1II
MEDIAN AND MAXIMUM RESPONSE TIMES [IN SECONDS] FOR
ITINERARY CALCULATION WITH AND WITHOUT BRANCH AND BOUND

W/O B&B W B&B
System POl User POl Med Max Med  Max
5 2 1.855 4.78 1.84 4385
5 5 1022 15.77 10.2 16.26
10 2 233 3.99 234 4.04
10 5 161 23.22 9.31 13.89
15 2 1319 18.77 4.78 8.94
15 5 80828 1363.51 1931 116.07

on the total number of nodes in the PTN. Moreover,
new POIs are added in the pretrip phase so that they
are already in the system for the calculations in the on-
trip phase. The maximum response times for the on-trip
instructions were below 0.15 s in all cases. Hence, the
critical response time is the pretrip response time and
depends on the total number of POISs to visit and mainly
on the number of those that were previously unknown
to the system. Response times are shown in Table III in
seconds for a test PTN with six stations and a total of
27 system POlIs.

The itinerary calculation algorithm keeps the median re-
sponse time below 5 s and the maximum below 9 s for a total of
17 desired destinations when only two are POIs previously un-
known to the system. For 15 POIs, of which five are previously
unknown, the median and maximum response times rise to 10
and 14 s, respectively. Hence, the critical factor influencing
response time is the number of POIs unknown to the system,
because the calculation of the all-pairs shortest paths must be
done online. In these cases, we consider the response times
acceptable, but it may be necessary to fine-tune the algorithm
to account for more than two user POIs.

VIII. USER INTERACTIONS

The user interacts with the systems in two ways: in the pretrip
phase, when he plans the trip and communicates to the service
the POI he intends to visit, and in the on-trip phase, when
he receives the navigation indications. The first occurs over
the Internet on the user’s computer or browser-enabled mobile
device, or on kiosks placed at intermodal stations, service
centers, or other locations in the city, such as hotels. The latter
occurs per SMS, with text messages being sent by the service
to the user to give him real-time indications.

A. Kiosk and Web Interface

A very simple web application is used to provide an intuitive
interface that is platform independent and, thus, offers the same
visual aspect on the web and kiosk. The only difference lies in
the fact that the hardware available at a kiosk, i.e., an electronic
card reader, cannot be assumed at home.

The kiosk has an RFID reader and a touchscreen as periph-
erals. The interface is developed for a touchscreen, having big
buttons with clear functions consistently placed, making them
easy to use even for newbies.!® Navi offers a set of predefined

13The attached video documents the use of the kiosk interface.

routes with different durations for visitors who want to check
out the city highlights, which is a feature considered useful by
68% of the survey respondents; it also offers the possibility
of adding personalized destinations. After defining the set of
destinations to visit, the user is prompted for his RFID ticket
card and for the phone number and receives the first indications
after a final confirmation screen.

At home, the user can program a route in a similar way, but
he can only associate it with his phone number. The exit screen
directs him to a kiosk to associate his route with his RFID
ticket. At a kiosk, the user can load his preprogrammed route
by entering his phone number, eventually edit the route, and
finally associate it with his electronic ticket. This functionality
can be implemented on ticket vending machines available at
every station.

B. Navigation Instructions per SMS

Although the ubiquitous availability of broadband wireless
communications would enable a more sophisticated interface,
SMS were chosen, because they are more familiar to most
people and represent no additional cost even for foreigners.
These facts are important, as tourists are the main target group
of the system. In addition, people who are less technically
skilled, less familiar with new technologies, and often do not
participate in the information society today are mostly familiar
with SMS.

Each time, after the system knows the route to the next
destination, the SMS text containing the following necessary
information to guide the user to the next ticket validation is
automatically built:

1) station to get off the current transport;

2) destinations to visit by foot next to that station, if any;

3) station to take the next transport, if different from the one

to get off;

4) next transport to take.

With this information, the user knows what he needs to visit
the places that he desires and reach the next electronic ticket
reader, which functions as the “positioning” device and triggers
subsequent navigation information. As our survey shows, 88%
of the users have responded to having no difficulties rereading
an SMS; thus, the user can verify the indications that he has
received anytime he wants at no extra costs for him or the
provider.

IX. OUTSTANDING ISSUES

There are a few open issues that we believe can be best ad-
dressed in the predeployment phase. One is the implementation
of exposing the PTN electronic ticket readings, as well as the
resources that are required from the PTN information system.
Another related issue is the estimation of the expected request
load, expected amount of users, expected number of POIs per
itinerary, and frequency of those requests. These results are
required to properly determine the required computing capa-
bility for the service provider. Moreover, a pilot trial with user
involvement should clarify how to deal with requests that are
lost or not answered on time, as well as determine acceptable
response times, availability, and continuity requirements.
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X. CONCLUSION AND OUTLOOK

This paper has presented Navi, which is a novel naviga-
tor service that leverages electronic ticketing for positioning
within a transport network to deliver personalized navigation
indications within that network. The navigator service designed
and prototyped as proof of concept is an added value service
that can be deployed at low extra cost on top of an existing
infrastructure, thus showing that the deployment of electronic
ticketing not only improves operations but can be leveraged
upon to enhance user experience. This can be crucial to mo-
tivate modal change from private transport, easing the adoption
of multimodal PTN services, and, at the same time, increasing
the amount of PTN passengers and enhancing the quality of
life in cities. The results of the conducted user survey indicate
that the service would enjoy good acceptance. The prototype’s
modular design enables easy deployment of a pilot trial, which
should be the main drive for service enhancements.

With the advent of NFC-enabled mobile phones and ongoing
field trials with NFC-based tickets stored on the user’s mobile
phone, the service could be redesigned to reside on an NFC-
enabled phone. Moreover, the service could be extended to
route passengers according to the needs of the operator in
case of mass events. From another point of view, PTN RFID
readers could be used to improve GPS positioning on mobile
phones with NFC, similarly to what was proposed in [6]. Im-
proving real-time multimodal itinerary calculation services that
consider live PTN and traffic information is another issue for
further work. Finally, formal usability tests should be conducted
to validate and improve the user interactions.
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