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Abstract. Using a traveller digital twin to collect real-time information can sup-
port future public transport features, such as personalised routing, automatic travel
experience monitoring and real-time demand-based disruption management. For
these features, reliable real-time information about travellers is crucial. This work
describes how a Bluetooth Low Energy (BLE) setup can be employed to localise
travellers during their journey and represent their status in a traveller digital twin.
We provide an overview of existing BLE applications in the transport sector and
present our BLE beacon setup. We perform a statistical analysis of the BLE bea-
cons’ signal performance in a test environment and present the results. We evaluate
the performance of the BLE based traveller digital twin using real data acquired
during a measurement campaign in the mentioned test environment.
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1. Introduction

Digital Twins for Travellers (DTT) have been proposed as highly detailed digital repre-
sentations of individual travellers along their journeys [1]. Knowing travellers’ precise
location in real-time is crucial for use cases like personalised routing [2], automatic travel
experience monitoring [3], and real-time demand-based disruption management [4]. The
DTT provides a trace for a traveller’s entire journey. A journey consists of one or more
trips; the travel mode for each part of the journey defines each trip. Additionally, crucial
events during the journey can be conceptualised as milestones whose achievement deter-
mines whether travellers reach their destination on time. As such, having access to trav-
eller attributes represented by a DTT can prove highly beneficial to traffic participants
and transport providers.

However, many use cases for DTTs require a valid representation of the traveller’s lo-
cation, i.e., where a traveller is currently in relation to other real-world objects. If the
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represented locations are invalid, values in a DTT cannot serve as the basis for decision-
making. Localisation often requires positioning as a first step, i.e., determining a trav-
eller’s coordinates within a frame of reference. The position must only be sufficiently
accurate to choose the correct location among candidate locations. An ubiquitous means
of positioning is GNSS (Global Navigation Satellite System). Unfortunately, GNSS is
too inaccurate in many travel scenarios to discriminate between candidate locations. For
example, a traveller might be unsure which of two opposite bus stops is correct. If the
error of the GNSS signal is large, the uncertainty regarding the traveller’s position is
high. If the distance between the two bus stops is small, the position cannot be used to
determine whether the traveller is at the correct stop.

We propose using Bluetooth Low Energy (BLE)-beacons in situations demanding the
fine-granular localisation of travellers in real-time. BLE beacons are already employed
in public transport (PT) systems as a means of automatic fare collection (AFC) [5]. At
the same time, we can observe a lack of utilisation of real-time passenger information
for disturbance management [6].

In this paper, we suggest a DTT architecture, specify how to set up BLE beacons for
tracking travellers over the milestones of their journey and evaluate the setup in a field
test. Section 2 discusses the core DTT architecture and the representation of a journey
in terms of milestones and illustrates the need for valid localisation. Section 3 provides
an overview of candidate technologies for traveller tracking and specifies the BLE-based
setup. Section 4 reports the BLE setup’s evaluation. Finally, section 5 concludes the arti-
cle and outlines future work.

2. Traveller Digital Twin Architecture

Following the general architecture for human digital twin systems suggested by [7], a
minimal configuration of such a system consists of a real-world twin that performs a
task, a sensor and a digital twin. Task-relevant attribute changes in the real-world twin

real-world digital
twin twin-part

O real-time input
—_—

Figure 1. The digital twin configuration following [8].

are detected by the sensor and mirrored in the digital twin, thus allowing inferences re-
garding the real-world twin’s present and future state. A digital twin may help to achieve
a system-related performance goal [9]. In this case, the digital twin part must reflect the
real-world twin’s current state in soft real-time, i.e., fast enough, so that the digital twin’s
state allows influencing the real-world twin in case of deviations from the performance
goal. Such an influence requires an actuator in the real world. A common example of an
actuator is a display providing travellers with information. If there is no need for real-
time decision-making, other digital twin configurations may be restricted to an analytical
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purpose. These configurations do not incorporate (real-time) information from the digital
twin part (dashed arrow in figure 1).

We adopt the digital twin concept to create a DTT. A DTT supports several features
driving intelligent PT systems. These features include personalised PT routing, real-time
demand-based disruption management and continuous travel experience surveys. The
DTTs assist the transport company in real-time traffic management in everyday oper-
ations. Management decisions include vehicle holding, transfer coordination, and stop
skipping. To apply these measures meaningfully, we divide a traveller’s journey into dis-
crete points along the route, so-called milestones.

2.1. Milestones of an Intermodal Journey

A person’s journey involves multiple stages that we can divide into discrete process
points. These points form the basis for milestone-based traffic management as proposed

Step 1: Triggered by sensor.
Enter 06:44 for current arrival of person 1

Person g ction milestone  section type association ID s BEST scheduled calculated estimated { chain broken
D next step
person 1 DEPARTED walking 10009 0 20.09.2018 06:39 2018-09-20 06:40:00 NULL NULL
person 1 ARRIVED walking 10012 0 20.09.2018 06:44 2018-09-20 06:44:38 NULL NULL
person 1 LPPT sop  Ligusterweg

person 1 4 LCPT stop Ligusterweg

person 1 LPDT stop Ligusterweg
person 1 LcDT stop Ligusterweg

person 1 DEPARTED bus 9613 0 20.09.2018 07:08 [20]8108:20/07:08:20] 2018-09-20 07:08:21 |JNOIINN

person 1 ARRIVED bus 9618 0 20.09.2018 07:28 2018-09-207:25: 2018-09-20 07:28:53 IO

0
0
0
0
0
0

Step 2: Subsequent “estimated” values
are calculated by “est next step”
until the next “scheduled” entry

Step 3: Scheduled departure at Step 4: Travel
07:08 with bus is reached chain is unbroken

Figure 2. Example of next milestone determination by setting an actual time stamp.

by [10]. Figure 2 illustrates this process. It depicts the intermodal journey of a single
person. The person arrives at the bus stop Ligusterweg, possibly by foot, and takes a local
bus to start his/her journey. Further information about the area is outlined in section 4.1.
The first column contains the person identifier. The second column enumerates the sec-
tions of the journey. The milestones in the first and second rows of the third column refer
to the departure of the person and his/her arrival at the bus stop. The subsequent abbre-
viations contain platform-related information explained in detail in [10]. The 6" column
est next step indicates in how many minutes we expect additional information for the
next step of the travel chain. The column BEST holds the most reliable value selected
from the subsequent columns scheduled, calculated, estimated and actual. Actual values
contain measured time values and are, therefore, the most reliable ones. However, they
also require sophisticated sensor infrastructure.

In the depicted example, the person arrives at the bus stop on time. The scheduled arrival
is confirmed by the actual value in the second row (Step ). Based on this value, we esti-
mate when the person approaches the bus stop and arrives at the platform (Step 2). These
estimated values lead to the assumption that the person reaches the scheduled departure
of the bus (Step 3) and the travel chain, therefore, is unbroken (Step 4).
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2.2. Creating a Traveller Digital Twin

The DTT concept is not new to transport and mobility research. The authors of [11] adopt
the concept for driver intention prediction. In [12], a motorway DTT is used for con-
gestion avoidance. Furthermore, we can classify several real-time simulations as DTTs
for analytical purposes. The authors of [13] map real-time traffic network data into the
simulation environment SUMO [14]. The authors of [15] provide a real-time simulation
framework for demand-responsive transport (DRT) simulation.

For our DTT, we integrate the milestone concept described in section 2.1 with the DTT
concept. Thus, we define states the traveller passes throughout his/her PT journey. When
starting a journey by PT, these states include arriving at the PT stop (possibly by foot),
waiting for the PT vehicle, boarding the vehicle and leaving the stop inside the PT ve-
hicle. Similarly, we can divide the journey’s end into the steps of arrival at the stop us-
ing PT, alighting from the vehicle and leaving the stop. This work focuses on these two
processes only, without considering interchanges. Measuring the steps in a unified way
allows us to derive milestones of type actual and integrate soft real-time information into
our DTT. We use BLE beacons at the stops and inside the vehicle to detect travellers and
derive their milestones.

3. Using BLE Beacons to Determine Soft Real-Time Events of a Traveller Digital
Twin

Real-time traveller tracking can be realised using several different technologies. These
technologies typically also allow for indoor positioning. Therefore, they are often com-
pared by their positioning performance. However, positioning performance is of minor
importance for our use case because the information needs of the DTT consist of lo-
calisation (i.e. understanding where the traveller is in relation to the PT system) instead
of absolute positioning. We also refer to this process as semantic traveller tracking. To

Table 1. Comparison of technologies for (soft) real-time traveller tracking.

technology indoor user implementation service life
capable interaction expense
WLAN yes BIBO electricity supply -
UWB yes BIBO transmitter costs 2 - 5 years
o[ | e | kb T
GNSS no BIBO - -
BLE yes BIBO transmitter costs up to 10 years

account for, possibly, multi-level, underground stations, we are looking for an indoor-
capable localisation approach. We also aim to minimise user interaction. Thus, we pre-
fer Be-In-Be-Out (BIBO) capable technologies over Check-In-Check-Out (CICO) tech-
nologies. Technologies with low infrastructure requirements are preferred to ensure low
implementation costs. These relevant features are summarised in table 1.

WLAN (Wireless Local Area Network) fingerprinting as a positioning method [16] is
especially attractive in environments where the associated infrastructure is already in-



July 2024

stalled. The technology is BIBO capable. WLAN routers require a power supply, which
can be costly and cumbersome to install.

Ultra-wideband (UWB) wireless communication [17] can also be used for positioning.
It is BIBO-capable and works indoors. UWB transmitters do not require electricity grid
infrastructure, as batteries can operate them. A battery lasts 2 to 5 years, a decent service
life.

Radio frequency identification (RFID) is a wireless data collection technology [18] that
is used in some public entry inspection systems. It requires an RFID tag for the user and
a scanner on the infrastructure side. The scanner needs a grid-based power supply. For
the tag and scanner interaction, the distance between the devices must not exceed a few
centimetres. The technology, therefore, supports CICO processes only.

GNSS are the first choice for global positioning. The technology supports BIBO and
does not require any additional infrastructure or maintenance expenses for implementa-
tion. However, GNSS signal reception is degraded in challenging environments, such as
urban canyons [19] and indoors [20].

BLE technology uses a set of beacons for indoor positioning. The beacons emit a BLE
signal that most available smartphones can detect [21]. Measuring the RSSI allows for an
approximate distance calculation [22]. The BLE beacons use a battery-based power sup-
ply and have a service life of up to 10 years. BLE technology allows for BIBO-oriented
systems. With these features, BLE and UWB technologies have similar advantages. In-
deed, UWB positioning is more accurate and has a more extended range. However, these
features are not the focus of our application. Instead, our application benefits from the
fact that BLE units are less expensive and generally longer living than UWB transmit-
ters [23].

3.1. State of the Art

Looking at current applications of BLE beacons in the transport sector, we can distin-
guish the four main categories: AFC, (indoor) positioning, user information, and PT trav-
eller tracking.

AFC can be CIBO-based [24], which leads the user to actively enter into a contract
with the transport company (CI) but prevents him/her from extensive costs by automat-
ically marking the end of the journey (BO). The majority of AFC systems are BIBO
based [5], [25], [26]. Some works assess BLE-enabled AFC in a single vehicle [27],
while others focus on the entire transport network [28]. The authors of [29] evaluate BLE
performance against WiFi and NFC technology. The system suggested by [30] is com-
mercially implemented by a transport company in Porto, Portugal.

BLE applications for positioning include the large field of indoor positioning [31], [32],
[33], but also pedestrian outdoor positioning in environments challenging to GNSS [34].
The work of [35] suggests using BLE beacons to prevent accidents by notifying pedestri-
ans on their smartphones when approaching a dangerous intersection. Another BLE ap-
plication field is positioning and information for visually impaired people [36]. BLE also
opens the field of tunnel positioning [37] and traffic tracking in case GNSS reception is
degraded [38]. The work of [39] suggests detecting road vehicles by BLE and classifying
them using the RSSI. The authors of [40] aim to inform detected road users about the
traffic network state. Finally, BLE can optimise production processes in an underground
mine [41].
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Information-oriented BLE applications can enhance the in-location user experience. This
can be customer-experience for retailing [42], touristic information as well as naviga-
tion for sightseeing [43] or safety-relevant infrastructure information in case of emer-
gency [44]. Furthermore, BLE allows to estimate the occupancy of transport infrastruc-
ture, which enables real-time information about a road network [45], PT arrival time and
congestion prediction [46], as well as crowd-sensing in PT scheduling and user habit
analysis [47].

BLE-based traveller tracking supports micro-navigation and passenger guidance [48],
which often is realised by a combination of different sensors [49]. The work of [50] pro-
vides a BLE tracking setup for school buses that prevent pupils from getting lost on their
way to school. The authors of [51] estimate that many BLE beacons will be installed
within the coming years and suggest applying shared usage for PT passenger tracking.

3.2. BLE Beacon-Based Traveller Event Determination

We propose a system setup with a single BLE beacon installed at each PT stop and in-
side each PT vehicle. As soon as the traveller enters the coverage area of a beacon, an

o Bluetooth
D coverage of
station beacon

®

Figure 3. A traveller enters a station’s BLE signal coverage area. We register the event detected in our
database. Image composed of [52], [53].

detected

application on his/her smartphone detects the signal and uniquely identifies the beacon
with its MAC address. The traveller’s device then registers the event detected for the
identified beacon signal and transmits this information to our database. Thus, we know
that a traveller has arrived at the stop where the event was registered. Figure 3 illustrates
this process.

When a PT vehicle approaches the stop where the traveller is located, his/her smartphone
detects the vehicle’s BLE beacon. We then write a detected event for the vehicle bea-
con into our database. For a traveller leaving the coverage area of a beacon, we consider
him/her en route (gone event) as soon as the beacon signal is lost for more than 10 s. We
use this method because signal reception might be interrupted even if the traveller is still
within the coverage of the beacon. These short outages might occur as several environ-
mental factors influence BLE signal reception.

Figure 4 illustrates the process of a traveller leaving the station in a PT vehicle. While
the traveller and vehicle remain at the station, we have detected events registered for
both station and vehicle beacons. When the vehicle (with the traveller on board) leaves
the coverage area of the station beacon for more than 10 s, we receive a gone event for
the station beacon while still detecting the vehicle beacon. Thus, the traveller must have
boarded the vehicle and started the journey. Similarly, we can conclude whether the ve-
hicle left the station without the traveller. The same principle applies to the alighting pro-
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Figure 4. A traveller entered a PT vehicle and left the station’s BLE signal coverage area. We register the
event gone in our database for the station in question.

cess. We can detect a vehicle with a traveller on board approaching the stop/station and
conclude whether the vehicle and the traveller left the station separately. The described
setup can meet soft real-time requirements. The real-time capability thereby is limited
by the registration time of the gone event.

The described setup allows for semantic traveller tracking. We register the traveller’s po-
sition at discrete points of interest. By avoiding tracking the traveller’s GNSS position
permanently, higher privacy standards can be met with lower effort. Indeed, one draw-
back of the proposed system is the lack of knowledge about boarding/alighting processes.
This lack of knowledge is not likely to be resolved by GNSS integration because of the
challenging GNSS signal reception in urban areas and inside the vehicle. Instead, we
could gain information about the boarding process requiring a check-in when the trav-
eller boards the vehicle (CIBO), as some AFC implementations [24] do. However, we
adhered to the BIBO principle because it keeps user interaction at a minimum. Minimum
user interaction is key to customer satisfaction and broad system usage.

We can compare our setup to the one implemented by [30]. The authors contrast two
different architectural options. The first option is to equip all vehicles with a BLE bea-
con that dynamically transmits information. This results in higher transmitting require-
ments for the beacons but easier smartphone application implementation. The second
option consists of installing the beacons at the stops/stations, which reduces the beacon’s
transmission requirements but leads to a more complex smartphone application [30]. We
gain advantages from both options by installing beacons at the stops and inside the vehi-
cles. Indeed, we need more beacons for this setup than for one of the options suggested
by [30]. However, the added effort is limited, as beacons are affordable (approx. 30 €
each), long-living and easy to maintain.

The BLE-based AFC implementation suggested by [S] uses a similar setup and con-
cludes boarding/alighting processes by synchronising the BLE scans to the vehicle ap-
proach/departure to/from a stop. Our suggested setup eliminates the need to synchronise
the BLE scans to the vehicle position, as we rely solely on the signal reception.

For continuous vehicle tracking, the integration of GNSS capabilities is beneficial. This
integration is indeed planned throughout the ongoing system development, since GNSS
works well in open-sky environments. The potentially challenging problem of regaining
the GNSS signal after extended tunnel passages [24] is to be addressed in the future.
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4. Empirical Evaluation of BLE Localisation
4.1. Method

We implemented a prototype of the described system in a residential district in
Brunswick, Germany. The district compromises a local access street describing a circular
route of approximately 2 km. It has one single connection to an adjacent main road. One
bus line serves four stops in a one-way circular route along the access street. This bus
line connects the district to the city’s tram network via a local hub.

The simple setup of the bus line is perfect for an initial test run of our BLE-based se-
mantic traveller tracking system. Within our test, we assume that the local bus line can
be replaced by a small vehicle operating on a fixed route and serving the stops on a DRT
basis. We equipped each of the four stops with a BLE beacon. The station beacons trans-
mitted their signal at 4 dBm every 900 ms and could be uniquely identified by their MAC
addresses. In addition to the existing stops, we defined a first/last stop in a parking area
at the district entrance. This way, we avoid complicated interactions with PT vehicles
at the local hub. Four instructed persons acted as PT travellers and were equipped with
BLE-capable smartphones. The smartphones had our developed application for beacon
detection installed, as described in section 3.2. Additionally, the smartphones recorded
the RSSI of the received BLE signals with a sampling rate of 1 Hz. We used a Mercedes
EQV van, as the DRT vehicle. The vehicle carried a beacon transmitting at 6 dBm every
900 ms.

To keep track of the measurement procedure, we applied a fixed schedule. First, all trav-
ellers were left at the initial stop while the vehicle departed idle on the circular route.
It drove by the stop where the travellers were located without stopping. After another
round on the circular route, the vehicle stopped again, and all travellers boarded. They
then travelled to the next stop, alighted, and we restarted the process. This procedure
simulates the basic possible scenarios (vehicle boarding, alighting and vehicle passing)
within a transportation process.

4.2. Setup Validation with Statistical RSSI Analyses

The goal of our first tests was to ensure the basic functionality of the system. Figure
5 depicts the box plots calculated from the data of all travellers for every station. The
box plots have been generated using Python’s matplotlib.pyplot.boxplot function. The or-
ange, horizontal line inside the box represents the median value. The whiskers extend to
a maximum value of 1.5 times the interquartile range (IQR). The box plots indicate low
skewness (below 1 for all of the stations) and only a few outliers. We can observe com-
parably high values (and scattering) at the stop Sielkamp and low values at the first/last
stop. Most median RSSI values are between —70 to —80 dBm.

Indeed, these RSSI values would hardly permit data transfer [54]. However, the measured
signal strengths are sufficient for our application, as they ensure signal detection. Lower
RSSI values are associated with travellers approaching or leaving the station. Within our
test setup, the distance between the transmitting beacons and the travellers was consid-
erably high at the first/last stop and small at the stop Sielkamp, which is reflected by the
measured RSSI values. We can explain the scattering of the RSSI values at the station
Sielkamp by combining the short distance to the transmitting beacon at the stop and large
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Figure 5. Distribution of RSSI values over all travellers per station.

distances during the approach towards the stop. The low skewness values indicate that
the RSSI values are balanced and follow an approximately symmetric distribution. These
assumptions are underlined by the low presence of outliers.

Even though the interpretability of the skewness is limited, the symmetric characteristics
of the distributions are a desirable development, especially considering that the RSSI
values are influenced by various environmental factors. Such factors can be shielding
effects caused by human bodies, antenna orientation and interference with other sig-
nals [5], [55]. The shielding influence of human bodies and the antenna orientation has
already been studied extensively by previous works [5], [56], [57], [58]. Results show
that shielding effects can influence data transmission in crowded trams or buses by 10
dBm [5]. Still, we consider this effect to be of minor importance for our application for
two reasons. First, we rely on signal detection instead of the Bluetooth connection for
data transmission. Signal detection is typically possible even if RSSI values are too low
for data transmission. Second, the shielding effect will be much lower in a small DRT
vehicle with fixed seats than in a crowded bus or tram.

Another influence on the RSSI is the orientation of the transmitting antenna, causing
RSSI changes of 5 to 10 dBm [5]. To test whether the system works regardless of the
antenna orientation, we did not make any restrictions on this parameter. The results indi-
cate that stable signal detection is possible under the circumstances and user behaviour
within the test environment.

The Bluetooth signal is close to the frequency band used for WLAN connections and,
therefore, may suffer from interference [55] [59]. We performed a small interference test
to ensure that our setup works in the presence of WLAN signals. The test suggests that
we can receive the BLE signal without any deterioration.

Figure 6 depicts the development of the RSSI distribution within different distance in-
tervals between transmitter and receiver. Similar to the tests performed under laboratory
conditions by [5], we can observe lower RSSI values with increasing distance. Within 1
m distance, we can observe high (though considerably scattered) RSSI values with low
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Figure 6. Distribution of RSSI values per distance interval. X-values indicate the distance range for the RSSI
values.

skewness. In the 1 —3 m interval, RSSI values are right-skewed, while the presence of
outliers is still low. In the 3 —5 m interval, we can observe lower the IRQ and many
outliers at low RSSI values. The intervals of 5 — 10 m and 10 — 20 m follow this de-
velopment. Within the interval > 20 m, we can find the lowest RSSI values following a
roughly balanced distribution with only a few outliers at the upper end.

The distribution inside the intervals below 3 m leads to the assumption, that a rough
distance estimation is possible from these values. Indeed, the 95% confidence interval is
[0.15,0.16] m in the 0 — 1 m interval and [1.75,1.82] m in the 1 —3 m interval. However,
the large IQR in the interval 0 — 1 m impedes outlier exclusion. This effect might indeed
be caused by waiting persons standing close together and thereby shielding the receiv-
ing device with their bodies. The small IRQ in the interval 3 —5 m can be explained by
the low sample size, partially caused by the small interval. The sample size of the three
remaining intervals is comparably large and stable. From the distribution inside these
intervals we can conclude that the RSSI values at higher distances are generally lower
and exposed to uncertainties.

Obviously, the varying sample size across the different intervals makes it hard to draw
a generally applicable conclusion. Still, the distinction of whether the receiver is closer
than 1 m to the transmitter is very clear from the RSSI values. Furthermore, the devel-
opment of the RSSI in our setup exhibits strong similarities with the one derived un-
der laboratory conditions by [5]. From our system validations, we can conclude that the
proposed setup works well under the usage conditions in our test setup.

4.3. BLE Beacon-Based Traveller Detection

With the setup validation completed, we can apply the data to the use case of semantic
traveller tracking. Semantic traveller tracking allows one to follow the traveller’s travel
chain. The travel chain one of the travellers followed during our measurement campaign
(section 4) is depicted in figure 7. The suggested BLE beacon setup enables localisation
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at discrete points, i.e., at the stops and inside the vehicle. The traveller’s position is listed
on the y-axis, showing the stationary beacons below the vehicle beacon. The green colour
of the vehicle row indicates that the vehicle beacon is detected at a station. We can con-
clude this information from the overlap with a stationary beacon signal. If no stationary

GANTT chart for user 1

first / last stop

Sielkamp

Ligusterweg

traveller position (station)

Schlehenhang
I vehicle passed station

Weizenbleek vehicle transferred traveller
eizenblee ) )
I vehicle at station

11:30 11:40 11:50 12:00 12:10
time

Figure 7. Digital twin of a traveller represented as GANTT chart. The traveller follows the schedule of our
measurement campaign as described in section 4.1.

beacon but only the vehicle beacon is detected, we can conclude that the traveller used
the vehicle to move between stops. The red colour indicates that the vehicle passed the
stop where the traveller was located without stopping. We can conclude this information
from the short detection time. All stationary beacons are depicted in blue.

The traveller starts his/her journey at the first/last stop. With the event detected registered
at 11 : 23 in our database, we know that the traveller arrived at the stop, as described by
the milestone concept in section 2.1. Initially, the vehicle was also present at this stop
(first green vehicle bar) but departed shortly after the beginning of the test. A few min-
utes later, we can detect the vehicle beacon for approximately 30 s as the vehicle passes
by the stop where the traveller is located (first red vehicle bar). At 11 : 31, the vehicle
stops to pick up the traveller (first green part of third vehicle bar). From the combination
of the persisting signal of the vehicle beacon and the signal loss of the beacon at the stop,
we can conclude that the traveller boarded the vehicle and left the stop. Thus, following
the concept in section 2.1, we can write a milestone of type actual for the traveller’s
departure. The vehicle drives to the next stop Sielkamp (orange part of third vehicle bar).
As soon as the vehicle reaches the stop, the traveller alights from the vehicle, followed
by the vehicle’s departure. We can observe that the traveller keeps detecting the station
beacon Sielkamp while the vehicle beacon signal is lost (the last green part of the third
vehicle bar). Thus, the traveller reached the destination and alighted from the vehicle (ar-
rival milestone of type actual). Following the scheduled measurement procedure for the
remaining three stops, we can observe similar behaviour. Finally, the traveller reaches
the first/last stop on board the vehicle.

As demonstrated, the suggested BLE beacon setup can keep track of a traveller’s chain
within our test environment. However, in some cases, we observe short signal outages.
The stop Ligusterweg illustrates these outages. While the traveller waits at this stop, the
blue bar is interrupted by several short white spaces. Since we thoroughly tested the
Bluetooth signal connection, we assume a software implementation issue caused these
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outages. Depending on the configuration of the user’s device, some background pro-
cesses might interrupt the constant tracking of the BLE signal. These interruptions are,
however, of minor importance for the system’s overall functionality.

4.4. Discussion

We evaluated the suggested setup during a measurement campaign in a test environment.
The setup performed well under the conditions described in section 4.1. Therefore, we
assume it can be implemented at a reasonable expense in simple and limited real-world
PT networks. Adapting the setup to more complex PT networks is feasible but might
require further research and development.

We can summarise the measurement results as follows. The mean RSSI values in the or-
der of —70 to —80 dBm indicate challenging conditions for data transmission but allow
for stable BLE signal reception. The suggested setup does not suffer from WLAN in-
terference. RSSI-based distance calculations work well within 1, possibly 3 m distance.
Above these values, RSSI levels are lower, and distance calculations do not work reli-
ably. We can perform semantic traveller tracking by concluding the milestones of a trav-
eller’s journey from the detected beacon. Tracking works even with small interruptions
in signal reception, meeting soft real-time requirements.

Within the described environment, we evaluated different scenarios, such as boarding and
alighting travellers and vehicle passing. The setup performed as expected for all tested
scenarios. Semantic traveller tracking was possible under all circumstances in the test en-
vironment without outages. We, therefore, assume that adapting the setup for real-world
conditions is feasible. The presented BLE-based semantic traveller tracking system en-
ables us to measure the states throughout a journey and thus derive milestones of type
actual. The suggested setup yields these values in soft real-time. With these soft real-
time updates, we can refer to our system as a DTT with analytical purposes, following
the definition in section 2. The system works regardless of short signal outages since the
milestones are concluded from the time of the first signal detection and the time of the
signal loss. At the same time, we can be sure that the system detected the correct beacons
by distinguishing them by their MAC addresses. Faulty detection is unlikely. For more
sophisticated localisation and traveller tracking, the suggested system could benefit from
an integration of GNSS measurements. This is indeed one of the activities planned for
the future.

5. Conclusion and Outlook

In this article, we describe the benefits and development of DTT using a BLE beacon
setup for semantic traveller tracking. We use milestones to divide the traveller’s journey
into discrete points. Our suggested BLE beacon setup can measure these points. This
enables us to integrate reliable soft real-time information into the DTT.

We present our setup and its implementation in a test environment. With the test setup,
we performed and analysed RSSI measurements to validate the correct functionality of
the system. Finally, we showcase the system’s functionalities for an actual travel chain
in our test environment.

Upcoming steps involve the fusion of GNSS measurement with the BLE beacon set-up
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to leverage shortcomings in both technologies. Furthermore, we plan to integrate our
database into a suitable simulation environment. This environment allows the simula-
tion and analysis of different transport management decisions following the principle
of a What-If Analysis. Displaying the outcome of this analysis to the user in real-time
establishes a feedback channel to the real-world traveller, a necessary element of a DTT.
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