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Abstract: Recent developments in innovative technologies like
inertial measurement systems, stereo cameras, tilt sensors,
augmented reality and real time evaluation of 3D data will
allow the development and market launch of completely
innovative mobile solutions for positioning, 3D-mapping and
inspection.
The paper will start with an overview of the status of
development of three different systems for completely
different applications:

e a kinematic 3D-mapping and inspection system for

mine shafts

e an integrated positioning system, originally
designed for space applications
e a system for visual mobile inspection and

troubleshooting in warehouse logistics
The three entities behind these developments have now
joined their expertise and have formed a cooperation to
combine the advantages and benefits from all three
developments into a visionary new mobile solution for
positioning, 3D-mapping and inspection of underground
mining areas.
The backbone of this solution is the Integrated Positioning
System (IPS), developed by Department for Information
Processing of Optical Systems (I0S) at German Aerospace
Centre (DLR e.V.). IPS is a system for ego motion estimation
without any prior knowledge of the environment. It is
capable to operate in buildings, tunnels, etc. as well as
outdoor spaces. The system is based on a multi-sensor
approach with a basic configuration including a low-cost
inertial measurement unit combined with a stereo camera
system and an optional tilt sensor. In doing so the
disadvantages of the individual systems are compensated by
the other and the navigation error growth is significantly
reduced. The main purpose of IPS is the development of
visual navigation methods and technologies.
In general the existing system is suitable for different
applications, e.g. forestry, architecture, maritime facilities,
industrial plants, logistics, tunnelling or mining. However,
for an operational application further developments together
with experienced partners from the particular markets are
needed.
One important demand is the integration of augmented-
reality features, e.g. see-through-displays and high-
performing communication technologies. To fulfil these
market requirements, the visual mobile inspection and
troubleshooting system by Austrian company KNAPP AG
for warehouse logistics solutions is a perfect completion to
the IPS.
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Next step is the enhancement of the existing technologies
from tested prototype to operational, marketable product,
including  manufacturing and  distribution. @ DMT
GmbH&Co0.KG, as developer of specialized systems for
surveying, geomonitoring and geophysics is in an adequate
position to take over this role. As DMT is also provider for
specific surveying, monitoring and inspection services for the
mining and tunnelling industry, it is obvious to prioritize the
development of a dedicated solution for mobile positioning,
3D-mapping and inspection in underground mining
environment as key application for the new technology.
Examples from first pilot projects with the prototype system
will underpin the achieved status of the mining application
development. Finally an outlook towards the planned further
developments will complete the presentation.

I. INTRODUCTION - STATE OF THE ART

Surveying in underground mine environment is
different, in several ways:
e No GPS available
e Necessity of transferring of coordinates and
orientation from surface to underground
(mostly through vertical shafts)
e Specific dimensions of survey objects (in

particular long tubes with small diameter)

e Specific environmental conditions (e.g.
temperature, air circulation, dust, water,
possibly explosive gases, light and sight)

e Specific requirements on results (e.g.
obligations by mining authorities, short-term
availability, time series, 3D-as-built-
documentation)

Due to this specific situation, underground survey was
for a very long time very “old fashioned™:
e Use of standard survey devices and data
evaluation tools, if applicable
e Use of old fashioned (mechanical) instruments
in particular in underground coal mines
(explosive atmospheres), developing countries
and countries/companies with a low status of
mine surveying
e Status of mine surveyors varies massively
from country to country (from essential part of
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the mine management team to dispensable data
collectors)

e Some individual developments (= in some
mining companies or some countries) of
specific instruments (e.g. explosion-proof
electro-optical distance measurement)

e Some individual developments of specific data
evaluation tools (e.g. adaptation of tunnelling
survey tools to mining tasks)

Outside the underground mines recent developments in
innovative technologies like inertial measurement systems,
laser scanners, stereo cameras, tilt sensors, augmented
reality and real time evaluation of 3D data will allow the
development and market launch of completely innovative
mobile solutions for positioning, 3D-mapping and
inspection. Since some years, in particular in parallel to
automation of mining machinery, step by step innovations
find also the way in the underground. Several laser
scanner applications are a good example for this
development.

II. PROBLEM STATEMENT

Really innovative new solutions for particular
underground environments are seldom. One long-term
success story, from the nineteen-fifties up to date is the
gyroscope development by DMT up to latest
GYROMATS000 to solve the problem of accurate
direction underground. A more recent example is the
kinematic shaft survey system, which is adapted from
kinematic laser scanner vehicles on the streets into vertical
direction for use inside shafts.

Adaption from other markets is an idea with great
potential for improvement for underground survey. The
paper will present a new innovative approach to bring
latest technology development in use in underground
mining. In particular the German Aerospace Centre (DLR
e.V) has developed a multisensory system, which
integrates visual navigation methods and technologies to
determine the user’s position and orientation. Originally
the system prototypes, which are a handheld system, as
well as a helmet system (see Figure 1) have been designed
for use in space missions, however first tests have shown
potential for different interesting purposes on earth, like
inspection of technical structures or probably underground
mining activities.

III. CONSORTIA APPROACH

Three entities have now joined their expertise and have
formed a cooperation to combine the advantages and
benefits from there developments into a visionary new
mobile solution for positioning, 3D-mapping and
inspection of underground mining areas.

A. DMT with Kinematic 3D-mapping and Inspection
System for Mine Shafis

For high-performance underground mining operations
that are producing close to capacity limits, 24 hours
operability of their shafts is an essential key factor for the
success of the mining operation. To achieve this full
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operability of shafts it is fundamental to have full control
of the shaft conditions, including potential changes or
damages. In the past the standard solution for shaft
monitoring is regular visual inspection by workers and
additional survey with traditional surveying methods on
demand. However, this approach is not effective in several
directions; in particular, work safety, quality, reliability
and objectivity of results, quick availability of results for
management decisions, time and cost efficiency.

Therefore DMT has developed two new innovative
systems to monitor and inspect mineshafts by kinematic
laser scanning methods, one system for shafts with and
one for shafts without hoisting facilities (Benecke, 2016).

B. Integrated Positioning System (IPS) fundamentals and
application

IPS is an optical sensor-based development DLR for
ego motion estimation without any prior knowledge of the
environment. It is capable to operate in outdoor spaces as
well as indoors, e.g. buildings, tunnels, etc.

The system is based on a multi-sensor approach. Firstly,
the above mentioned optical sensor used as primary
sensor. Its data can be combined with measurements of a
low-cost Inertial Measurement Unit (IMU) and optionally
by a tilt sensor. As each sensor has different error
characteristics and error behaviour, the advantage of this
combined approach is the capability of the system to
compensate the error-proneness of each single sensor,
extending the systems robustness significantly. The main
purpose of IPS in this state is the development of visual
navigation methods and technologies to determine the
user’s position and orientation.

In further developments the system has been extended
by additional sensors and functionalities, opening the
research platform to different applications where indoor
navigation becomes crucial.

The resulting Integrated Positioning System for
Inspection (IPSpect®) is a mobile system dedicated to
support inspector during visual inspection of technical
objects in different fields of application. IPSpect® features
automatic photo acquisition, storing and generation of
orientation information of the photo. These data is
recorded and can further be imported into external
customer application SW for further data products such as
visualization or specific processing. The system consists
of two basic parts a) Hardware and b) Software. These
technical fundamentals of IPSpect® will be explained in
the next section.

1) Hardware

The system consists of three main components. Firstly,
the sensor head includes all sensors, which are needed for
computing the helmet’s orientation. The sensors are
industrial grade cameras, an inertial measurement unit and
a tilt sensor. Inspection photos are taken with a colour
camera. For illumination of the camera field of view white
and near-infrared LEDs are implemented. Also a
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diffractive optical elements laser is included for visual
feedback of the field of view.

Accurate calibration and registration of all sensors is an
essential prerequisite and a precise synchronization of
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Figure 27: Mechanization of the inertial navigation system

incoming image and sensor data has to be ensured. Within
IPSpect® all sensors are calibrated. A field-programmable
gate array (FPGA) grabs the inertial sensor data and takes

a) Helmet b) Hand-carried ¢) Deeply integrated

approach sensor head hand-carried solution
with embedded
computer

Figure 25: Different representations of IPSpect®

care of high precision data synchronization. All incoming
and outbound data will be tagged with a counter value.
The counter represents the local time scale to which all the
sensor data is referenced to. All static latencies between
the sensor data and the FPGA are calibrated.

A microcontroller allows system supervision via remote
control on the backpack holder. Part of the functions are
starting the recording and processing, releasing inspection
pictures and showing the remaining battery life.

Secondly, an industrial embedded PC on which the data
is collected, processed and stored.

In a first approach DLR developed three different
realizations of IPSpect® which is shown in Figure 25.

The sensor head is mounted to the operator helmet. The
processing unit is placed inside a backpack, permitting a
hands-free inspection and the capability of the inspector to
inaccessible areas.
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The sensor head is installed in a hand-carrier frame.
The computer remains in the backpack. This approach can
be used if most flexibility for the sensor head is required,
such as “looking behind” obstacles where the helmet has
limited access or would be needed to be removed for
inspection.

The deeply integrated solution in which the sensor head
as well as the computer fit in one case and can be carried
by hand. Here no additional cables and bags are necessary
making it the perfect solution if other equipment such as
respirators with external tanks has to be worn.

2) Software

The heart of the system is the so-called Navigation
Engine (NE), which contains all algorithms, methods and
technology to process and to fuse the sensor data, calculate
the trajectory or point clouds. The Navigation Engine runs
on the embedded PC. The computation is done in real-time
during the inspection process. Following the inspection on
site, the images and their relative orientations may be
accessed by WLAN or directly upon the data storage.

3) Data Processing

The software running on the embedded computer
includes different modules for data pre-processing and
data processing. An overview of the dataflow is given in
Figure 26. Pre-processing has to be applied to the sensor
data (e.g. protocol and format conversions). The actual
data processing for the vision aided navigation, described
in the next section, is applied in the application network.
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Figure 26: Data processing workflow

4) Vision Aided Inertial Navigation

To provide reliable and robust knowledge of position
and attitude in GPS denied indoor environments, a vision

aided inertial navigation system has been used
[Griessbach, D et al., 2014]. This method leverages the
complementary strengths of inertial and visual

measurements by combining them, thereby reducing
inertial sensor drift while supporting the visual system
with inertial information.

Based on the dead reckoning method, an inertial
navigation system calculates orientation from a known
initial position, velocity, and attitude using inertial sensors
- accelerometers and gyroscopes, which measure
acceleration and angular velocity with respect to an
inertial reference frame (see Figure 27).

Due to integrated errors, this leads to unbound error
growth if not corrected by an independent additional
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measurement. Visual odometry has been proven to be able
to provide such a measurement. Using a stereo system,
changes in position and attitude can be estimated between
two consecutive stereo image pairs from homologous
image points found in those image pairs (Figure 28). To
measure in images, a precise knowledge of the geometric
properties of the stereo system is needed. This is achieved
by a novel camera calibration method using holographic
pattern [Bauer, M et al., 2008].
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Figure 28: Stereo vision odometry

This visual measurement is fused with the inertial
measurement by means of an error state Kalman filter, a
recursive algorithm to determine parameters of interest
from direct or indirect, noisy observations. This filter
contains the errors of position, velocity, and attitude as
well as the bias errors of the inertial sensors. All states are
refined with each aiding measurement from the stereo
system and used to correct the solution given by the
inertial navigation system (Figure 29). The output position
and attitude is given in a local coordinate system aligned

to a local tangent plane.
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Figure 31: Horizontal plot of calculated trajectory in training mine
TBW Recklinghausen
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5) Use Case mine inspection

For demonstration of the IPSpect® system functionality
in real mine conditions a special measurement campaign
in a training mine Recklingshausen/Germany has been
conducted.

Figure 30 shows the inspector during the inspection
wearing the helmet-mounted solution.

Figure 30: Measurement

IPSpect® Helmet solution "in action".
campaign in German training mine.

During the inspection run the IPSpect® collects the
images and sensor data, calculates the trajectory “on the
fly” on embedded computer and also store the
measurement data for the offline processing of the 3d
point clouds of environment. The inspection photos taken
by integrated inspection camera are synchronized to the
trajectory and could be automatically spatial referenced
offline to the 3D model of environment for interpretation
of inspection results. Behaviour and moving velocity of
inspector are corresponding to typical behaviour during
visual inspection of technical infrastructure.

Results of calculated trajectory for one of dedicated
inspection run are depicted in Figure 31. The total path
length was about 200 m with duration of 12 min.

The derivation of high density 3D point clouds from the
stereo cameras of IPSpect® allows improving the
interpretation of the inspection results and gives the
opportunity to generate or to update the real 3D model of
inspected technical object. To fulfil the real-time
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requirements the algorithms for dense stereco matching
using Semi-Global matching was implemented on a
graphics processor unit [Ernst, I, and Hirschmiiller, H,
2008]. In combination with the navigation solution, the 3D
point cloud for each image pair is transformed to the
navigation frame and merged together resulting in a high
density raw point cloud. This process is done off-line
without further data processing.

Figure 32 shows an example of 3d point clouds related
to the inspection run in training mine, with calculated
trajectory presented in Figure 31.
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Figure 32: View of generated 3D point clouds for trajectory in
training mine TBW Recklinghausen. Green points represent the
trajectory of sensor head of IPSpect® during the survey.

C. KiSoft WebEye

One important demand is the integration of augmented-
reality features, e.g. see-through-displays and high-
performing communication technologies. To fulfil these
market requirements, the visual mobile inspection and
troubleshooting system by Austrian company KNAPP for
warehouse logistics solutions is a perfect completion to the
IPS.

KiSoft WebEye is an audio-visual system that helps
during troubleshooting, error analysis as well as replacing
and adjusting components. KiSoft WebEye is integrated in
the network over WLAN, data is transmitted over internet,
with no additional costs for transmission.
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The staff on site wears a headset with integrated
camera, microphone, speakers and a see-through display,
including a vest with an integrated portable computer,
rechargeable batteries for 6 to 8 hours, a cable-less
keyboard and a connection box (Figure 33).

KNAPP’s
https://www.knapp.com/)

Figure 33: AR-solution KiSoft WebEye (source:

The connection box provides a remote connectivity by
3G, 4G (LTE), satellite and WLAN, which allows in an
underground mine to inject the IP signal directly onto the
existing electrical network. Due to that KNAPP
technicians can configure hardware components from
wherever they are.

With the headset camera, the Hotline technicians see
whatever the staff on site sees, making for easy
communication.  This  innovation can  prevent
misunderstandings as they happen during troubleshooting
by phone with massive time delays or even operating
errors from the very start. The staff on site sees the same
picture the Hotline technicians have in front of them,
making communication easier still. The Hotline staff can
provide additional information such as sketches, videos or
instructions over the see-through display.

D. First Approach to the Final Combined Solution

To introduce the system to the mining market, DLR and
DMT have established a development partnership with
KNAPP as additional cooperation partner for delivery of
some important components, e.g. portable computer and
battery.

First step in this cooperation is the production of up to
10 prototype systems at DMT facilities, based on the
existing DLR handheld system prototype (Figure 1b) and
the KNAPP portable computer and battery solution.

These prototype systems will be used in several testing
environments to check and evaluate the operability for use
in mining environment as well as to determine the
requirements for further developments, e.g. to design a
light-weighted helmet solution, which fulfils legal health
and safety regulations for full work-time use for
measurements and inspections.

The oral presentation will show first results from this
prototype tests.



16TH INTERNATIONAL CONGRESS FOR MINE SURVEYING, BRISBANE, AUSTRALIA, 12-16 SEPT 2016

IV.FUTURE WORK

Based on the presented prototype, the consortia’s
further development of the system focuses on the
following aspects. Overarching goal is reaching the
maturity phase and start the production of the first series.
Part of this phase is the redesign of the system in order to
meet additional mining requirements, e.g. hands free
measurements where needed. One approach is to fuse IPS
with the helmet-mounted headlight of the miner. A second
approach will be the use of the system for positioning and
navigation of underground vehicles such as loaders or
drilling rigs. With its larger baseline between the cameras,
the accuracy of the system as well as its operating range
can be improved significantly.

A conceivable cutting edge development is the
IPSEye4Mining, meaning a combination of IPS with
KNAPP’s see-through-displays and extended AR-
functionalities. With this integrated system the
implementation of typical AR features, such as guidance,
is possible, e.g. an inspector can be guided by the system
to particular areas.

Furthermore, the measured point clouds can also be
used to generate 3d models on the fly. On the one hand
this offers the possibility to access and to check the data
while being collected. On the other hand it opens the
opportunity to send the data using KNAPP’s high-
performing communication technologies and the support
network behind.

V. SUMMARY

In this article a prototypical development of an
integrated positioning system has been presented which
includes the cross-industry expertise and experiences of
three different companies. The proposed system provides a
robust solution for navigation tasks in difficult indoor
environments, e.g. mines. Based on DLR’s research
platform IPSpect®, in a first step the adaption to industrial
components has been performed and tested in numerous
measurements as well as validated in different mining
scenarios. Promising results show the applicability for
harsh environments.
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