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Abstract: Mining industry faces new technological and economic challenges which need to be
overcome in order to raise it to a new technological level in accordance with the ideas of Industry 4.0.
Mining companies are searching for new possibilities of optimizing and automating processes, as well
as for using digital technology and modern computer software to aid technological processes. Every
stage of deposit management requires mining engineers, geologists, surveyors, and environment
protection specialists who are involved in acquiring, storing, processing, and sharing data related
to the parameters describing the deposit, its exploitation and the environment. These data include
inter alia: geometries of the deposit, of the excavations, of the overburden and of the mined mineral,
borders of the support pillars and of the buffer zones, mining advancements with respect to the
set borders, effects of mining activities on the ground surface, documentation of landslide hazards
and of the impact of mining operations on the selected elements of the environment. Therefore,
over the life cycle of a deposit, modern digital technological solutions should be implemented in
order to automate the processes of acquiring, sharing, processing and analyzing data related to
deposit management. In accordance with this idea, the article describes the results of a measurement
experiment performed in the Mikoszów open-pit granite mine (Lower Silesia, SW Poland) with the
use of mobile LiDAR systems. The technology combines active sensors with automatic and global
navigation system synchronized on a mobile platform in order to generate an accurate and precise
geospatial 3D cloud of points.

Keywords: mobile laser scanning; Velodyne LiDAR; Riegl scanning system; open pit mine

1. Introduction

Modern land surveying in the mining industry is based on input data acquired from
both classical methods (leveling, tacheometry) and modern solutions: digital photogram-
metry, measurements with the use of Global Navigation Satellite Systems (GNSS), and laser
scanning. These data allow the preparation of maps documenting the deposit, situational
plans illustrating the advancement of mining operations, or 3D visualizations showing
planned reclamation forms. Commonly used worldwide, these surveying techniques have
both advantages and disadvantages. Their implementation typically depends on the level
of detail expected in the mining map, and thus on the accuracy of a particular measurement
method and on the duration of the measurement process [1–7].

Classical surveying methods allow highly accurate and precise measurement results.
The vertical displacements can be recorded with the use of classical and precise leveling
with accuracy levels of several millimeters [8] or under 1 mm [9], respectively. Displace-
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ments on the surface of a mining area can be observed in 3D. For this purpose, total station
measurements are combined with static GNSS measurements [10].

One of the interesting solutions, which is an extension of satellite measurements,
is the use of the so-called pseudolites. Pseudoliths are terrestrial transmitters that are
transmitting satellite-like signals to assist satellite navigation in areas depleted in terms
of signal availability from traditional satellites. The areas of application of this solution
are opencast mines with steep and high slopes, where poor satellite availability due to
obscured horizon limits the ability to receive the GNSS signal [11].

Recent years have also been marked by the dynamic development of measurement
technology based on ground-based radar. In mining, both underground and opencast, it
is mainly used to monitor the stability of slopes or to measure surface deformation [12],
rarely to monitor the exploitation progress or build the 3D models of mining area.

Observations in the form of a 3D continuous surface allow the construction of a 3D
model from the land or aerial level [13,14]. Such measurements typically involve UAV
photogrammetry techniques [15] and LiDAR, mainly ALS, and increasingly often UAV [16].
With the use of such techniques, the model can be quickly reconstructed with an accuracy
of below 7 cm [17], which, of course, depends on laser scanner accuracy itself as well as
resolution of the scan. In the case of UAVs, the main factor determining the accuracy of the
calculated model is so-called ground sampling distance (GSD; it is the distance between
pixel centers measured on the ground). Updating 3D mine models does not require as high
accuracies as in the case of monitoring subsidence movements or slope stability [18].

Limitations of the above methods also need to be stressed. Most importantly, leveling,
total station (excluding situations when prisms are stabilized on the measured points) or
photogrammetry survey methods cannot be used without the natural and/or an artificial
source of light, which fact practically disqualifies these methods from being used at night
or would entail the need to provide prohibitively expensive artificial lighting. Atmo-
spheric conditions (e.g., clouds, wind or atmospheric precipitation) are also a considerable
limitation, which may contribute to a lower quality of the measurement results or even
prevent the measurements entirely. On the other hand, the GNSS measurements—and
more specifically their precision—depend on the availability of satellite constellations, and
the use of the so-called differential corrections also increases the cost of the entire procedure.
Importantly, in the case of relatively deep open-pit excavations, which may have obstructed
views of the satellites, the measurement accuracy is lowered. Recent developments in
geomatics have allowed the use of a wide range of sensors to record the geometry of both
objects and other features on land [19]. Currently, hybrid sensors such as Mobile LiDAR
Systems (MLS) provide additional quality to the inventorying process of mining facilities,
as they offer solutions which prove flexible in terms of accuracy, resolution and access to
areas which are otherwise inaccessible to vehicles [20].

The aim of this article is to present an MLS-based measurement solution for open-
pit mining industry. The proposed technique employs a Riegl VMZ 400i measurement
platform and a Velodyne LiDAR sensor in the Simultaneous Localization and Mapping
(SLAM) approach to data acquisition and localization. The main concept presented in
this paper utilizes a high-resolution, precise geometrical data source (MLS) for creating
the initial model of the mine and updating it periodically using low-cost sensor and
open-source algorithms. Such solution could provide information about near real-time
tracking of the progress of mining works and allow e.g. volumetric calculations of the
excavated material.

The measurements from both systems provide data for developing a digital represen-
tation (the so-called Digital Twin) of the geometry of a mining excavation, which may be
used over the mine life cycle in such applications as monitoring the exploitation state of
the mining excavation, performed in the form of cyclical measurements in order to control
and optimize (improve) the efficiency of the mining process, constructing a management
model of an active or a closed excavation, providing information about the state of the
closed excavation and constructing its revitalization model. The methods here proposed
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allow quick access to the excavation-related data with a minimum workload required from
an operator to acquire and process the data and, as such, they reflect well the principles of
Industry 4.0 [21–25].

2. Materials and Methods

The main idea behind this study is based on the use of a point cloud obtained from a
RIEGL VMZ commercial hybrid laser-scanning platform equipped with a VZ400i scanner
mounted on an off-road vehicle. The system allows a quick acquisition of three-dimensional
data about the analyzed object, in this case about a granite quarry. The concept of integrat-
ing a high-resolution MLS approach with full georeferencing is a base for further analyses
of sensors used in acquisitions of 3D geometrical data related to the mine. The experiment
was performed with a low-cost Velodyne scanning sensor was, in a handheld SLAM MLS
approach. Tests of such a solution consist in obtaining three-dimensional information about
the mine (a point cloud) over a time t0 and in comparing the results with the results from
the Velodyne instrument. Consecutive measurements performed in time t1, t2, . . . tn may
be in the form of the so-called additional measurements with the use of low-cost handheld
MLS sensor. Figure 1 is a schematic diagram of the measurements.

Figure 1. Schematic diagram of the 3D modeling methodology based on two Mobile LiDAR Systems
(MLS) systems.

2.1. Description of the Study Area

This experiment was performed on the Mikoszów granite deposit located south-east
of the town of Strzelin (Lower Silesia, SW Poland; Figure 2). Based on lease no. 10/2001,
until 2016 Mineral Polska Sp. z o.o. mined the deposit for granite and gneiss. The company
is planning to renew its lease to mine the deposit with the same technology. The planned
output is 800,000 Mg per year. The geological resources of the Mikoszów deposit are
23,249,840 Mg (as per 31 December 2015). Until 2016, the deposit was mined with the use of
a mixed wall-shortwall system with parallel advancement of the mining front. The deposit
was extracted by drilling and blasting with the use of explosive materials and short and
long drillholes. The mined material was loaded with loaders or excavators into mobile
hoppers of crushing/sorting machines or into technological vehicles which transported it
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to processing devices located outside the mining plant. The processed stone was loaded
with a loader from the storage site onto vehicles provided by the clients [26–29].

Figure 2. (A)—location of the study area; (B)—view of the quarry in the NW direction, as of Nov. 2020 (Photo by J.
Górniak-Zimroz).

2.2. Mobile Laser Scanning

The literature mentions a number of mobile and autonomous mapping platforms
which can collect data form indoor mapping [30]. The main advantage of the MLS system
mounted on vehicle lies in the sensor fusion. The mobile mapping platform is equipped
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with GNSS, IMU (Inertial Measurement Unit) and DMI (Distance Measurement Indicator)
sensors. The GNSS observations are essential in the kinematic mode of Lidar data acquisi-
tion. For a perfect trajectory, both static and dynamic alignment is required. If this condition
is not met, the derived point clouds are distorted and lose spatial consistency. MLS data
acquisition in urban areas may be affected by multipath effects and by signal obstruction
due to buildings. This can lead to inaccurate GNSS measurements and, therefore, errors in
the estimated trajectory [31]. Kukko et al. (2012) presented on-board sensors integration
and MLS platform data acquisition from a vehicle, boat-mounted MLS for mapping fluvial
processes and snowmobile application for studying the characteristics of and changes
in snow cover. The main advantage of such mobile scanning platforms include fast and
smart data collection. In MLS, the slightly elevated point of view gives the advantage of
observing vertical surfaces with angle of incidence close to 0◦.

The mobile laser scanning technique allows fast and rapid 3D data acquisition in
mining areas. In this technique, the measurement is performed with a scanner, and the time-
dependent positions of the scanner are also recorded. In comparison to the standard laser
scanning technique (Terrestrial Laser Scanning—TLS), in which the measuring instrument
is located on an elevating tripod, the MLS has a similar incidence angle of the laser beam
with respect to the scanned surface. However, as the system is mobile, it allows the
acquisition of data for areas that were not visible from the perspective of the previous
location of the scanning platform. The point cloud thus obtained has a relatively smaller
number of occlusions and gaps. Examples of the integration of MLS data for the purpose
of geological structure mapping were described in [32]. What is more, the recordings
of LiDAR MLS datasets provide an alternative point of view. The average height above
ground is greater than in the case of TLS scanning stations mounted on tripods. The density
of the scan is similar to that of the TLS scan, and the density of the MLS records depends
on the movement speed of the scanning platform.

2.2.1. The Riegl VMZ Mobile Scanning Platform

The MLS Riegl VMZ400i system used in the study comprised: a GNSS system based
on simultaneous trajectory measurements from two antennas, an IMU, a DMI and a laser
scanner (Figure 3).

Figure 3. Mobile laser scanning system operated in the excavation: (1) Global Navigation Satellite
Systems (GNSS) antenna; (2) Inertial Measurement Unit (IMU); (3) Riegl VZ400i scanner; (4) DMI;
(5) power unit (inside the vehicle); (6) driver and control unit—computer with installed software and
its operator (inside the vehicle).
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2.2.2. Acquisition of MLS Data

The MLS data were recorded for the entire area of the Mikoszów mine and its vicinity.
The recording process was performed with the use of the Riegl VMZ 400i hybrid laser
scanning system set in the radar mode. The data acquisition process in this mode takes
place while the scanner rotates 360◦ (around it’s Z axis) and the whole MLS system drives
along the planned trajectory as well. For the purpose of this article, an area of interest (AOI)
was defined and indicated in yellow in Figure 4.

Figure 4. Sketch of the MLS data acquisition trajectory. The presented trajectory (blue line) covers the part of the route of
the scanning system used for georeference of the acquired point cloud as well as (purple line) the part of the route within
the excavation during the recording process of the data.

The procedure of recording MLS data, which is based on GNSS measurements, re-
quired the position of the MLS platform to be acquired around the analyzed mine in the
form of a dynamic alignment trajectory loop. All of the works related to the GNSS trajectory
measurements were performed in the Applanix PosPac MMS software, using the In-Fusion
single base adjustment solution. The procedure allowed the GNSS observations of the
platform to be linked with the BASE receiver, which was located in the central part of the
mine pit, on its southern slope. The In-Fusion solution integrates the GNSS sensor with
displacements recorded by the IMU and the DMI. The DMI allows precise information
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on the start and stop of the platform to be obtained from a source different to the GNSS.
Figure 5 shows a schematic diagram of the MLS data processing procedure.

Figure 5. Diagram of MLS data processing.

The MLS measurements and their processing procedure are based on a precise mea-
surement of the time recorded by the measurement system. The processing of a point cloud
consists in overlaying individual scan lines on the 3D trajectory in time. The measurement
accuracy of the MLS Riegl VMZ 400i is ensured owing to two GNSS antennas that measure
the GAMS azimuth (GNSS Azimuth Measurement System). This approach helps eliminate
inertial drift errors that are typically produced in a single-antenna approach). GAMS
determines the movement direction of the vehicle very accurately regardless of its speed,
resulting in the best possible heading accuracy and the best performance in any demanding
environment, e.g., with an insufficient number of satellites. The full technical data are
shown in Table 1.

Table 1. Riegl VMZ MLS technical data [33].

MLS Parameter Value

Scanner Min. Range 0.5 [m]

Scanner Max. Range 800 [m]

Accuracy/Precission 5/3 1 [mm]

Measurement Rate 0.5 M [measurement/s]

Scan field of view—Vertical 100 [◦]

Scan field of view—Horizontal 360 [◦]

Max Lines per Second (lps) 240 [lps]

GNSS Position Accuracy 20–50 [mm]

Roll/Pith/Heading Accuracy 0.015/0.05 [◦]
1 one sigma @ 100 m.

2.3. Handheld Mobile Laser Scanning

Another MLS technique is based on small mobile laser scanners (originally used in
robotics) and on the SLAM technology. The technology consists in simultaneous, iterative
determining the position of the observer and in constructing a map (or a 3D model) of the
surrounding area. SLAM algorithms are mainly based on data obtained from laser scanners,
stereoscopic cameras or monocular cameras. Solutions of this type are normally used in
GNSS-denied environments, but if such limitations are not present, the position indicated
by the GNSS receiver can be additionally used to improve the quality of SLAM-based
positioning [34,35]. The pose of the observation unit and its movement can be additionally
determined from the input data provided by other sources, such as IMU sensors [36,37] or
wheel odometry [38]. SLAM algorithms are found in numerous implementations and are
frequently based on the Kalman filters [35,39], graphs [40,41], or voxels [42].

SLAM functions by solving two basic problems:

• Estimation of consecutive transformations from the coordinate systems (related to the
operator), containing point clouds obtained at times ti and ti+1, into a uniform global
coordinate system—this process is referred to as laser odometry,

• Identification of the so-called loop closure, or return visit locations. In the case when
point clouds obtained in non-consecutive time points ti and tj correspond to identical
actual locations, another condition, different than the transformations calculated from
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the consecutive scans, can be added to the bundle adjustment of the measurement
trajectory. This fact significantly improves the quality and the robustness of the results
obtained from the SLAM algorithm, and eliminates errors related to the position
drifting in time due to the relative identification of consecutive observing positions.

MLS systems based on small portable laser scanners are now most typically offered as
backpack systems, frequently integrated with cameras and GNSS receivers (Figure 6A) or as
handheld scanners (Figure 6B). The measurement system can be further simplified by using
only a small LiDAR sensor carried by an operator (Figure 6C). Despite a different approach
to the sensor arrangement, the systems are, in fact, similar and share the measurement
methodology. Therefore, later in this article they will be synonymously referred to as
handheld laser scanners.

Figure 6. Examples of LiDAR-based scanning systems: (A) GreenValley International LiBackpack DGC50, (B) GeoSLAM
ZEB Horizon, (C) Velodyne VLP-16 with an interface box.

The measurement is performed by an operator who carries a handheld or a back-
pack scanner and walks around the surveyed area. The latter factor most significantly
distinguishes this solution from mobile or stationary laser scanners. On the one hand, it
is a limitation, as the range and speed of the measurement is smaller than in the case of
mobile scanning performed from a wheeled vehicle, drone or robot. Unlike in the above
solutions, the measurement process cannot be automatized. Nevertheless, the operator can
easily and naturally adjust the density of the point cloud in desired areas, by prolonging
the data acquisition time. Modern SLAM algorithms also allow consecutive scans to be
recorded and 3D models of the area to be constructed in real time. In combination with
visualization techniques (e.g., on a tablet), this function allows a more effective and precise
coverage of the surveyed area. Another advantage lies in the fact that the operator does
not have to be highly qualified. Data processing is automatic, and therefore the survey can
be performed by a person not familiar with the SLAM technology, or by an autonomous
vehicle. Only the post-processing of the data (correctness verification and adding loop
closures, georeferencing, improving the quality of defining the measurement trajectory),
which allows an improved quality and accuracy of the resultant point cloud, requires
higher competences and the ability to use a particular software.

Importantly, the measurement trajectory and thus the resultant point cloud, is biased
with a drift error, i.e., a measurement uncertainty which increases with time. As already
mentioned, this error is limited by revisiting the previously scanned locations and by
allowing the SLAM algorithm to perform loop closure. However, for this to be possible,
the measurement path needs to be planned in such a manner that the already surveyed
locations are revisited at a sufficient frequency [43,44].

Many of the SLAM algorithms which process 3D data provide lidar odometry with
the use of the Generalized Iterative Closest Point (GICP) algorithm. Ren et al. [45] pro-
posed a modification of this algorithm, allowing for the extraction of the ground plane
from individual scans and using them as landmarks in order to increase the robustness
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of the algorithm. Subsequently, the researchers compared the proposed method with
other state-of-the-art algorithms which use a lidar sensor only (VLP-16). These included
Lidar Odometry and Mapping (LOAM) [46], Lightweight and Ground-Optimized Lidar
Odometry (LeGO-LOAM) [47] and Berkeley Localization and Mapping (BLAM) [48]. The
proposed algorithm was designed for the consistent localization of autonomous vehicles
in roadways and tunnels of an underground mine. Nevertheless, tests performed on two
paths inside a building and on two paths in an underground mine indicate that the results
in the mining environment are significantly worse. The authors stress the significance of
the loop closure and of introducing plane constraints in obtaining satisfactory results from
the tested algorithms.

Vasenna & Clerici [49] introduce a concept of integrating data obtained from classical
point cloud construction methods (TLS and UAV photogrammetry) with data from a
commercial, backpack SLAM system manufactured by Heron. The aim of the study was
to verify the possibility of locating the SLAM operator in an open-pit mine environment
previously modeled with the use of classical methods. Having successfully verified this
possibility, the authors proposed a methodology for using SLAM in detecting changes of
excavation geometry. The estimated accuracy of such detections is above 3–4 cm.

In this study, HDL-SLAM algorithm framework, proposed by Koide et al. [50], has
been used. It is based on pose graph optimization and allows a significant elasticity in
selecting parameters (for both the LiDAR odometry and the loop closure) and additional
conditions in the SLAM algorithm, such as ground plane constraint, GNSS constraint,
LiDAR odometry, estimation method and numerous robust kernels. Moreover, the authors
provided an interactive graph editing program, which allows the resultant trajectory and
point cloud to be improved in the post-processing stage with the use of manual edition tools,
loop closure densification and edge refinement. The general concept of the data processing
acquired by handheld SLAM is presented in Figure 7. The framework was selected due to its
multiple options, which enable adjustments to the conditions of a particular surveyed object,
and also due to the open-source implementation in the Robot Operating System (ROS) [51],
which allows seamless integration with the LiDAR sensor and with the remaining software
installed on a Linux-run laptop computer. The measurements were performed with the use of
the Velodyne VLP-16. Its parameters are presented in Table 2.

Figure 7. Handheld LiDAR SLAM real-time (left) and post-processing (right) workflows.
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Table 2. Velodyne VLP-16 technical data.

Handheld LiDAR Parameter Value

Laser Max. Range 100 [m]

Range Accuracy 3 [cm]

Measurement Rate 0.3 M [measurement/s]

Scan Angle Resolution—Vertical 2.0 [◦]

Scan Angle Resolution—Horizontal 0.2 [◦]

Lines in each scan (channels) 16

3. Results

The fact that the hybrid Riegl VMZ 400i scanner was installed on a Nissan Navara
4 × 4 off-road vehicle enabled the operator to reach the lowest level of the Mikoszów
mine pit, which was the area subjected to further analysis, and to enter the otherwise least
accessible locations. The system functions owing to the fact that the scanner was installed
above the vehicle and the view of the satellites remained unobstructed. The unfavorable
Positional Dilution Of Precision (PDOP) and the insufficient number of satellites visible in
the vicinity of the vertical slopes was compensated for by data from IMU and DMI. The
geometrical processing of the data was performed in parallel with preliminary filtration.
The extraction parameters consisted of such LiDAR signal attributes as reflectance, distance,
deviation. The next stage consisted of data filtering. The resultant point cloud represented
all classes and comprised above 9.7 × 107 points (Table 3). The resultant point cloud
was not filtered in order to classify the point cloud in accordance with the ISPRS .las
recommendations. Figure 8 is a visualization in the form of a raster of the measurement
range. The recorded MLS point cloud is a set of XYZ 3D data and a series of parameters
such as amplitude and reflectance.

The handheld LiDAR measurements were performed by an operator who carried the
LiDAR scanner (Velodyne VLP-16) in his hand. The scanner was connected to a laptop
in the backpack. The data were recorded on the laptop, in rosbag format in ROS. The
measurement covered the area of the lowest level of the open-pit and was performed by an
operator walking around the mine. Attention was paid to intentionally form numerous
smaller measurement loops and to stop the measurement in the vicinity of the start location
in order to achieve a robust point cloud by forming a loop closure. The measurement
continued for 16 min and 54 s, during which a total of 10,676 scans were acquired.

The measurement results were subsequently processed offline with the use of SLAM
algorithms in order to combine them in a consistent point cloud. The preliminary estimation
of the measurement trajectory was performed as the scans were replayed with actual speed.
In the next step, the trajectory was manually improved in the post-processing mode by ad-
ditionally indicating points which correspond to a flat terrain and by indicating clear revisit
moments not identified automatically. Subsequently, automatic trajectory improvement meth-
ods were used to detect additional loop closures and robust refinement of pose graph edges.
This process was iterated until satisfying results were obtained (no deviating observations
(at 3 sigma), the trajectory visually corresponds to the actual measurement path). In effect,
the obtained trajectory allowed the point clouds to be recorded from all scans. The resultant
cloud, comprising 2,241,746 points, was filtered in Cloud Compare to remove measurement
noise. The final result comprising a set of 1,968,367 points is shown in Figure 8. The entire
post-processing lasted for approximately 30 min.
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Table 3. Riegl and Velodyne mls measurement data volume.

Data Source Number of Points Mean Point Density [points/m2]

MLS Riegl VMZ 400i 97,018,764 1500

Handheld SLAM LiDAR 2,241,746 50

Figure 8. Top view of the point clouds: Riegl MLS VMZ 400i (A) and handheld Velodyne SLAM (B). Colors represent
intensity value in a 7-bit range.

4. Discussion

The analyses demonstrate that mobile LiDAR measurement techniques provide input
data that ensure that the constructed 3D mine models are georeferenced. The developed
methodology for the processing of SLAM data is based on georeferencing them to the T0
model built using the MLS Riegl VMZ 400i technique. The results of the experiment also
indicate that it is possible to record a point cloud with the Iterative Closest Point (ICP)
method, using a low-cost handheld scanner and with reference to the MLS point cloud.
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The developed data processing method is based on overlapping the point clouds produced
with the use of LiDAR MLS and SLAM techniques. The advantage of the use of MLS
Riegl VMZ 400i lies in the fact that the 3D model has a full georeference in the chosen
EPSG coordinate system. The SLAM point cloud recorded in the local system allows a
continuous representation of the 3D surface in an open-pit mine. The MLS Riegl sensor
is also advantageous due to its range, which reaches 800 m, with the SLAM point cloud
recording at up to approx. 100 m. Another analyzed aspect is the scanning resolution. As
presented in Table 3, average resolution of the MLS measurement was 1500 points/m2

while the SLAM resolution was at an average of 50 points/m2. An important part of this
study was to verify whether the SLAM technique can be used as a low-cost approach to
3D modeling of mine geometry on ground. The results and the developed methodology
clearly demonstrate that the implementation of the SLAM technique allows updates to the
3D model of an open-pit mine. Measurements of the identical ground surface showed the
LiDAR data coherence level to be at 0.05 m. Figure 9 shows the spatial distribution of the
distances between the points in the SLAM-based cloud, while Figure 10 is their histogram.
A more detailed analysis of the locations with the highest individual deviations between
the models leads to a conclusion that they occur in areas not covered by the MLS scanning
or on areas covered with scattered greenery. In practical applications typical of an active
open-pit mine, both cases should not affect the quality of the obtained geometrical data.
The obtained accuracy levels (the distance between SLAM point cloud—MLS delivered
mesh model is at a level of ±5 cm) is sufficient to calculate volumes in open-pit mines of
similar scale and to update their 3D models, since the geometry changes associated with
the periodically monitored advances of the mining operation would usually be in the order
of meters.

Figure 9. The spatial distribution of the distances between MLS Riegl and Velodyne SLAM points. Colors represent the
distances from SLAM cloud to reference mesh.
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Figure 10. Distribution of the distances from SLAM cloud to reference mesh.

LiDAR observations in the implemented MLS approach allow the angles and distances
to be measured from multiple measurement stations represented by the trajectory of the
vehicle movement. In comparison to a classic approach to LiDAR measurements, TLS
offers a possibility to record a continuous surface in a DSM and to reconstruct it closely
representing the 3D surface with high measurement resolution. Importantly, in both the
classic TLS approach and the MLS, the measuring instrument has an identical incidence
angle at the analyzed object.

The LiDAR MLS method is seemingly limited by the impossibility to acquire data
from objects which are covered with water. The observed gaps in the data are due to
the absorption of the active LiDAR beam by the air-water medium, which causes the
laser beam to become deflected and the LiDAR measurement point not to be recorded
(white empty pixels in Figure 11). Another limitation of the LiDAR methods lies in the
so-called shadows cast by objects which obstruct the laser beam. The above limitations are
minimized by implementing the MLS technique, which allows a continuous measurement
along an MLS trajectory.
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Figure 11. Isometric visualization of intensity MLS LiDAR data with white gaps.

5. Conclusions

Mobile laser scanning technology is experiencing a dynamic growth in surveying.
This growth is observed in the precision of the measurements, in the amounts of ob-
tained data (scanning resolution and speed), and in the number of the transport platforms
being employed.

The in-field tests performed in the Mikoszów granite mine employed two types of
laser scanning systems to demonstrate their usefulness and the potential of using the
results in the modeling and monitoring of the geometry changes in an open-pit excavation.
The novelty of the presented solution lies in the integration of spatial data acquired with
sensors that vary in accuracy, measurement platform and procedure and data processing
to optimize the effort and cost of maintaining a time-varying 3D mine model.

The solution proposed by the authors is based on performing the first scan with the
use of a precise Riegl VMZ 400i system—this is indicated as state (point cloud) T0. The
most significant advantages of the method include the measurement range, data acquisition
speed and the quality of the MLS trajectory adjustment, which allows precision in the order
of single centimeters. Moreover, our method does not require the use of ground control
points in the measurement area or outside of it. The results of the bundle adjustment of the
MLS measurements were similar to the accuracy of RTK GNSS.

Data obtained with the use of this method may be successfully used in 3D modeling the
geometry of an excavation, or in planning or monitoring the progress of mining operations,
with respect to both compact rock (such as granite in this case, which may be mined in the
form of both blocks and aggregate), and bulk minerals.

Consecutive measurement sessions are performed at times T1 − . . . − Tn with the
use of Velodyne VLP-16, which is a tool operated in the SLAM approach. The experiment,
which consisted of acquiring data and then in combining the acquired data into a local
point cloud and in georeferencing the data into an MLS cloud, demonstrated that the data
are fitted at a precision sufficient to use them in the modeling of the advancement of mining
works. From the perspective of mining-related surveying, the data are of adequate quality.
Also, the solution proves economical, as it is based on the Velodyne VLP-16 low-cost
approach. Importantly, a scanner of this type does not need a highly skilled operator.
Additionally, the procedure of data processing and visualization is partially automated (on
the basis of low-cost and open-access software solutions), which is a factor limiting the cost
related to buying the software and employing a trained operator.
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A novel procedure of carrying out 3D measurements was developed that can be
applied to the entire life cycle of an open-pit mine. The experiment was successfully carried
out to test it in the real mining environment. The core element of the proposed procedure is
the creation of a base mine model with a precise MLS platform. Subsequent stages of work,
i.e., periodic measurement sessions with a SLAM-based system, are utilized to update the
base model and perform calculations of the excavated volume. It is worth noting that the
advantage of using Velodyne VLP-16 or similar lidar in the SLAM solution is that there is
no need for a highly skilled operator, costly equipment, or software. Such low-cost solution
could enable employing digital twin concepts in the small mining companies, e.g., quarries.

Another advantage of the proposed solution is the lack of need to establish the
ground control points. The base model is georeferenced using simultaneous GNSS RTK
measurements and the subsequent SLAM models are registered to it in cloud-to-cloud
manner, since the majority of the mine model is stable over time.

The authors would especially like to emphasize that the results of the experiment
performed in the Mikoszów open-pit mine clearly indicate that the integration of the MLS
LiDAR technique and of the handheld SLAM LiDAR technique according to the method
here described allows a 3D model of the excavation to be constructed and updated in
real time. The resultant high-resolution point cloud allows the designing, inventorying,
and feeding of big data databases in mines, according to the idea of Industry 4.0. LiDAR
techniques used in the analyzed mine enable a fast and comfortable acquisition of 3D
information about the excavation over the life cycle of a mine. This information may be
used at every stage of the mining operations in open-pit mines, including in prospecting
and exploration works, in access and development works, in the exploitation of the mineral,
in the reclamation works, and in the management of the post-mining area.
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