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For professional use cases like police or fire brigade operations, a reliable self-
localization is advantageous for the coordination of first responders (FRs). Self-
localization is especially difficult in indoor scenarios where neither global navigation
satellite systems’ signals may be received nor additional signals of opportunity exist for
enabling reliable positioning. In this article, we propose an overall system that combines
self-localization, communication of the FRs’ locations, 3-D building reconstruction or
floor plans (if available), and visualization. The indoor navigation technique is based
solely on inertial sensors and builds on a simultaneous localization andmapping
technique. It is capable of using any information about the building layout as prior
information for enhancing indoor positioning, georeferencing the positions, and finally,
visualizing the results in a suitable visualization tool.

For professional use cases like firefighter rescuing
and policemen supervision, it is desirable for the
head of first responders (FRs) to know the posi-

tions of the emergency personnel. Self-localization
works well in outdoor areas but is still very difficult in
indoor scenarios where global navigation satellite sys-
tems (GNSS) signals may not be received and no addi-
tional signals of opportunity exist for enabling reliable
positioning. Highly accurate positioning is mandatory
for the professional use cases that we mainly address
in this article, without excluding other applications. For
instance, in the case of a building on fire, knowledge
about FRs’ locations supports the commander to be
able to decide on assisting an FR or injured person
inside the building. In addition, not only is the outer hull
of the building of interest to the FRs but also the geo-
graphical location and inner structure of the building.
Prior information about the building in georeferenced
form improves the planning of actions and also the
indoor localization of people during the operation.

In this article, we propose an overall system based
on self-localization, communication of the positions

to a central unit, optionally using floor plans or 3-D
reconstruction, and finally, visualization of the FRs’
positions at the central unit. Self-localization systems for
pedestrians usually apply a sensor fusion approach to
obtain a reliable position. A lot of different sensor fusion
solutions can be found in the literature and also on the
market for indoor navigation: from using radio-frequency
(RF) signals like Wi-Fi, Bluetooth Low Energy beacons,
RFID, Zigbee, and ultrawideband (UWB) transmitters; to
the use of different sensor types like visual, sound, and
optical sensors (light and infrared); and finally, inertial
and magnetic sensors. A survey of different indoor navi-
gation solutions can be found in Brena et al.1 and Simoes
et al.,2 and, for smartphones, in Retcher.3 An overview of
visual self-localization techniques can be found in Morar
et al.4 Furthermore, the following techniques, which are
especially designed for FRs, can be found in the literature:
Boguslawski et al.5 summarize FR applications, which are
about 3-D building models and indoor navigation. They
provide an overview of different indoor localization tech-
niques, including artificial intelligence-based methods;
different 3-D representations of a building, including
the Industry Foundation Classes, a standard for data
exchange of building informationmodeling (BIM)models;
and 3-D visualization techniques.

In Boyle and Torentino,6 several transceivers and
ranging systems are investigated for FRs, where the
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best transceivers are UWB transceivers with a symmet-
ric two-way ranging protocol. According to the authors,
these systems still need improvements and they
depend on the composition of indoor spaces. In these
systems, usually, a network of transmitters or passive
elements is needed, which has to be installed inside
the building. In Rantakokko et al.,7 a cooperative UWB
ranging for FR localization is proposed, where FRs
themselves wear UWB-ranging equipment beside iner-
tial sensors. The performance will depend on the range
of the UWB system and may degrade if a FR is too far
away from another UWB unit. A more comprehensive
description of the state of the art can be found in Kai-
ser et al.8

Overall, most of the systems for real-time 3-D
reconstruction and self-localization are either com-
putationally complex with high demands on battery
power, or require infrastructure, which might not be
available during an emergency; for instance, in a tun-
nel, in mines, or even in a building on fire. Note that it is
usually impractical to send large amounts of data (as
with visual sensors) in real time to the control center,
and that privacy issues must be considered when using
body cameras. Therefore, we propose a real-time infra-
structureless system that minimizes the amount of
data to be transmitted using a reliable communication
system with high building penetration and ad hoc con-
figurability in the case of an emergency. This system is
capable of using prior information from 3-D reconstruc-
tions or other kinds of building information (if available)
and properly visualizing FRs’ positions using available
building information.

OVERVIEW OF THE SYSTEM
For self-localization, we use a system especially
designed for FRs. A requirement for FRs is that the
tools to be worn by each FR are robust and lightweight,
offer precise localization, and that the system should
not rely on preinstalled infrastructure. These require-
ments are considered in our overall system design. We
prefer to use a navigation system based only on a sin-
gle small, lightweight, and low-cost inertial sensor. This
system is designed to operate in real time, can be inte-
grated in a shoe or at other locations of the body (e.g.,
in a pocket), and can also be standalone. Moreover, all
movements of the FRs can be captured, including jog-
ging and running. This pedestrian dead reckoning
(PDR) system based on inertial measurements with a
sensor attached to the foot is called NavShoe.9 It is
combined with a simultaneous localization and map-
ping (SLAM) algorithm, where the map of the environ-
ment is estimated during walking. This system is capable

of providing very accurate positions and is called
FootSLAM.10

NavShoe and FootSLAM are cascaded and can be
performed separately, which is advantageous as the
PDR can be integrated in the NavShoe, and the more
complex FootSLAM algorithm can be computed on a
more powerful laptop, tablet PC, or PC at the central
unit. The only data transmitted to the central station
are the time and position estimated by the NavShoe,
including some necessary flags.

For communication of FRs’ positions, we propose
using the long-range (LoRa)11 communication protocol
at the physical layer. The advantages of LoRa commu-
nication is its high communication range (roughly 2 km
in urban areas and 15 km in free space), low battery
consumption, secure data transmission, and configura-
bility. With LoRa, we can use low frequencies for trans-
mission, which achieve better building penetration.
The main disadvantage of LoRa is its small transmis-
sion data rate (below 27 kbit/s), but this is not a limiting
factor as we only send a position update every second.
Alternatively to LoRa, LTE-narrow-band-Internet of Things
(LTE-NB-IoT) and Bluetooth Long Range could be used.
But LTE-NB-IoT depends on availability of base sta-
tions, and Bluetooth Long Range offers only a smaller
range, therefore, we decided to use LoRa.

Although the FootSLAM algorithm learns the envi-
ronment during walking and can be used standalone,
prior information about the building’s layout is helpful
in two ways: 1) it can assist the planning and coordina-
tion of FRs by suitable visualization and 2) it can help
indoor localization be more accurate and contribute to
georeferencing. To obtain such prior information with-
out knowledge of the building’s layout in advance, a
3-D building reconstruction obtained using different
kinds of sensors is advantageous. The outer building
hull can be obtained from visual sensors mounted on
a flying vehicle, e.g., a drone, helicopter, or airplane.
For this, we use the Modular Aerial Camera System
(MACS),12 a fully automated system that generates
scaled maps on demand and on site within minutes.
For instance, this system can be installed on a vertical
takeoff and landing drone. To obtain an indoor scan of
the building, a camera system or laser scanner can
also be applied. For this purpose, we propose using the
Integrated Positioning System (IPS),13 a multisensor
approach that includes a low-cost inertial measure-
ment unit combined with a stereo camera system. The
combined map of the MACS and the IPS can then be
used for indoor navigation. These maps can be pre-
computed and stored in a database or the cloud for
emergency services and finally used for indoor naviga-
tion and visualization. This database can be created
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specifically for the protection of public buildings. In
cooperation with FRs, we could identify that a good
visualization is advantageous, and it shall be easy to
handle and to understand. If not stored on a local data-
base, retrieving prior information from the cloud can be
done using satellite communication (e.g., inReach) or
mobile communication (5G/6G).

The overall system is depicted in Figure 1 and
further explained in the following. Each FR will be
equipped with a small and lightweight NavShoemounted
on the foot and a small and lightweight LoRa transmitter
unit mounted on the back or breast pocket. The first
estimate of positions is transmitted via LoRa commu-
nication to an LoRa receiver located at the central sta-
tion, which can, for instance, be an emergency vehicle.
LoRa receivers can also be realized with a single LoRa
gateway. Further transmission of the FRs’ locations
beyond the LoRa range can, for instance, be estab-
lished by LoRa gateways using alternative communica-
tion, such as satellite or mobile communication. At
the central station, FootSLAM is performed for each
FR, giving a final, drift-reduced estimate for the FRs’
positions.

Ahead of the emergency case, the results from the
MACS (outer hull) and the IPS (inner building layout)
are combined to provide a 3-D reconstruction of the
whole building. The prior map to be used within the
localization system is generated from it and can be
enhanced using prior information from the FootSLAM
system itself by additionally walking through the build-
ing and scanning walkable areas with the NavShoe. If a
3-D reconstruction is not available, an existing floor
plan like the one from Google Indoor Maps can be
used. Alternatively, an escape plan can be photo-
graphed or scanned and a floor plan extracted from it.
As an indoor scan of the building is more time consum-
ing, these alternatives enable faster access of floor
plans.

In its current version, FootSLAM uses floor plans in
an XML format, but it can also be adapted to other
formats in the future. The floor plan should be georefer-
enced. The outer-situation picture can nevertheless
be obtained within minutes from the MACS system.
Beside theMACS and the IPS, other 3-D reconstruction
systems can also be considered if they provide a
semantic 2.5-D floor plan. If no prior information is

FIGURE 1. Overview of the whole system. As shown in the orange boxes, N FRs are equipped with NavShoe and LoRa transmit-

ters, where N is total the number of FRs. The green box depicts the system of the central station, receiving and further processing

the positions.
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available, FootSLAM will nevertheless learn the envi-
ronment and localize FRs. The resulting position will be
more uncertain, especially at the beginning, without
loop closures or revisited areas. The FootSLAM map
might be slightly rotated because it is not georefer-
enced. A comprehensive performance analysis of the
system, including a comparison to other techniques, is
given in Kaiser et al.8 The accuracy of FootSLAM lies
between 1–2 m without prior information and below 1
m with previous information, assuming map conver-
gence. Finally, the FRs’ positions are visualized with 3-D
visualization (see Figure 1).

DEVELOPED SYSTEMS
AND PROTOTYPES
FR Localization: NavShoe
and FootSLAM
For FR localization, we apply the NavShoe mounted on
the foot of the emergency force. For testing the system
in real emergency scenarios, a robust prototype was
assembled, comprising a mini-CPU and an inertial
Xsens MTi 600 sensor, which is connected to the CPU.
The position is calculated from the inertial measure-
ments via a 15-state unscented Kalman filter,9 which is
performed on the mini-CPU. The output of the NavShoe
is a drifted position and heading of the FR. Figure 2(a)
shows the NavShoe prototype with a size of 7 � 4 �
3 cm and a weight of 137 g (including battery). The
prototype is fastened on the foot with Velcro tape.
It is powered by a check-card-sliced power bank of
2300 mAh, sufficient for approximately 3–4 h of

operation. In the future, we foresee the NavShoe proto-
typeminiaturized to fit into the sole of a shoe.

To reduce the remaining drift, FootSLAM is applied
on the positions resulting from the NavShoe at the
central station using the prior map if available. Foot-
SLAMcan be extended by several sensors like an altim-
eter or GNSS receiver, can use known locations
or learn places, and can be used in a collaborative
way (FeetSLAM), either applied on the whole walk or
successively.14

Communication: LoRa Transmitters
and Receivers
The LoRa transmitter is implemented with a Pycom
LoPy4 ESP32 microcontroller.15 The position data of
the NavShoe are communicated via Wi-Fi to the ESP32,
which is connected to an external LoRa antenna. The
ESP32 is equipped with software for transmitting the
NavShoe data using the LoRa protocol via the LoRa
antenna. For better building penetration, LoRa trans-
mits at low frequencies. Hence, we used a relatively
large dipole antenna. Integrating the whole transmitter
together with the NavShoe on the foot is not prefera-
ble due to signal reflections of the body and the
ground. The LoRa transmitter receives the NavShoe
data via Wi-Fi. Figure 2(b) shows a small device the size
of 4 � 3 � 2 cm, which can be mounted in a breast
pocket and weighs 165 g, including the battery. The
antenna is 10 cm in length. The LoRa receiver, including
its antenna located on top of the emergency car, is
depicted in Figure 2(c).

FIGURE 2. (a) NavShoe prototype to be worn on the foot or ankle. It was tested from a firefighter of �Ecole nationale sup�erieure

des officiers de sapeurs-pompiers (ENOSPS) in a field trial of the RESCUER project. (b) The LoRa prototype built on an ESP32. This

device can be worn on the front or back of the person. (c) The LoRa receiver and antenna on top of the emergency car.
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3-D Reconstruction: MACS and IPS
TheMACS system scans the building with an unmanned
aerial vehicle carrying a camera system (see Figure 1).
The large aperture angle of the camera lens and a flight
pattern in cross configuration provides sufficient infor-
mation about building facades and makes a 3-D recon-
struction possible. This system also provides geospatial
information about the position of the building. During
flight, the images are georeferenced via GNSS, and the
orientation information is added using photogrammetric
software. Finally, a digital surface model is calculated
using the semiglobal matching (SGM) approach.16

The inner layout of the building is reconstructed
using the IPS. For this, we scan the building using the
multisensor fusion approach, including stereo camera
systems of the IPS. The IPS can be a handheld device
or mounted on a helmet (see Figure 1). A 3-D indoor
vector building model is calculated by preprocessing
the oriented IPS images, i.e., converting them into a
3-D point cloud using the SGM algorithm.16 The 3-D
cloudwill then be projected onto the xy-plane subdivided
by a rectangular grid. The facade pieces are identified by
the density, spatial distribution, and characteristic height
histogram of each grid cell.17

Visualization
A customized version of the Potree Viewer18 is used to
display all the data products given in JavaScript Object
Notation format in a common framework. It encapsu-
lates the outer hull represented by several millions of
reconstructed points and over 100 planes for the inte-
rior representation extracted from the IPS [see Figure
3(a)]. The custom-built Viewer version is also prepared
to visualize real-time data (e.g., personnel moving
through the scene). The visualization will further be
adapted to the requirements of end users.

Figure 3(b) shows the central station, where FR
positions were visualized in real time during a demon-
stration. Our car served as the emergency car. The
positions of the FRs walking through a building could be
visualized on themonitor in themiddle of Figure 3(b).

CONCLUSION
We presented an overall FR-localization system, includ-
ing communication, 3-D reconstruction, and suitable
visualization. This system is capable of providing a situ-
ation assessment during an emergency operation. By
visualizing FRs’ locations inside buildings, the actions
can be better planned to minimize risks during an
operation.

In future work, the influence of missing packets
due to communication losses will be further analyzed.

In addition, it is intended to automate especially the
prior map generation and the setup process to mini-
mize the time to operation during an emergency opera-
tion. The self-localization system will be extended with
a GNSS receiver to also precisely provide outdoor posi-
tions. This will be done by including the findings of the
GNSS localization tool developed within the European
project first RESponder-Centered support toolkit for
operating in adverse and infrastrUcture-less EnviRon-
ments (RESCUER).19 Finally, in the future, we will inves-
tigate how to collaboratively use FootSLAM-estimated
maps in real time during the operation, especially if the
prior map is available.
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