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Abstract: Rock formations are among the most spectacular landscape features both for experts and
the public. However, information about these objects is often stored inaccurately in existing spatial
databases, their corresponding elevations are missing, or the entire rock object is completely absent.
Cartographic depiction is also reduced to a point of areal symbology of a largely generalized character.
This paper discusses options in identifying and analyzing rock formations from two digital terrain
models (DTMs), DMR 5G and DMR 5G+, and irregularly spaced points of airborne laser-scanning
(ALS) data with different point densities. A semi-automatic method allowing rock formations to be
identified from DTMs is introduced at the beginning of the paper. A method to evaluate elevation
models (volume differences) is subsequently applied and a 3D model of a selected rock object is
created from terrestrial laser-scanning data. Finally, positional and volumetric comparisons of that
3D object are performed in 2D, 2.5D, and 3D. The results of the pilot study confirmed that the digital
terrain models studied are a reliable source in identifying and updating rock formations using the
semi-automatic method introduced. The results show that DMR 5G model quality decreases with
increasing fragmentation and relative rock formation height, while the proportion of gross errors
increases. The complementary DMR 5G+ is better in terms of location and altitude.

Keywords: airborne laser scanning (ALS); terrestrial laser scanning; accuracy assessment; digital
terrain model (DTM); 3D model; rock formations

1. Introduction

The growing demand today for detailed topographic data in 3D reflects the development of
technological solutions, acquisition, and data-processing options. Accurate altitude data are crucial for
modeling events, such as flooding, power transmission within a city’s thermal island, or radio-signal
propagation. In addition to the private sector, which maps smaller areas and adapts to market behavior,
national mapping agencies create 3D topographic databases for the needs of strategic urban planning
and more accurate derivation of cartographic products [1].

Laser-scanning data for digital surface models (DSM) and digital terrain models (DTM) have
been used in several European countries such as the Netherlands, Poland, and Finland, or used as
a data acquisition source in Catalonia, Bavaria and Switzerland [1-5].

In the Czech Republic, airborne laser-scanning (ALS) data processing was completed in 2016
under a project approved in 2008 to create new altimetry. Scanning was mostly performed in blocks
of 10 x 30 km and counted with a 50% overlap of neighboring strips. Scanner and flight height
settings were based on the scanning period. Scanning was carried out from a height of 1200 m above
the terrain with a pulse transmission frequency of 80 kHz at the time of vegetation growth; at other
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times, the mean flight height was 1400 m and the scanning frequency increased to 120 kHz. Due
to high vertical differences, flight height was reduced to just 800 m over mountains. As a result of
the transverse overlap of belts, a point cloud density of 1.6 points/m? was achieved [6]. This project
depended on the creation of three derivative digital model products: DMR 4G, DMR 5G, and DMP 1G.
The fourth generation Digital Terrain Model (DMR 4G) of the Czech Republic is a model with a regular
point grid, resolution of 5 x 5 m, and vertical root mean square error (RMSE) of 0.3 m in exposed terrain
in areas covered with vegetation 1 m high and designed primarily for creating true orthophotos or
less-complicated analyses. The 1st generation Digital Surface Model (DMP 1G) of the Czech Republic
is created with irregularly spaced points. This model is the first product of its kind in the Czech
Republic and designed for analyzing the heights of objects on the Earth’s surface. The vertical RMSE
is 0.4 m in open and well-defined areas and 0.7 m in locations frequently covered with vegetation.
The 5th generation Digital Terrain Model (DMR 5G) of the Czech Republic is a network of irregularly
spaced points with vertical RMSE accuracy of 0.18 m in exposed terrain and 0.3 m at sites covered
with vegetation. It is currently the most accurate terrain model of the Czech Republic and may be
used in various physical geographical analyses of areas during initial stages of urban planning or
other land modifications [7]. All data models are designed as 2.5D, so the models are unable to find
more than one altitude for a location. This is particularly clear on the walls of houses in DMP 1G,
where the bottom edges of walls protrude about 10 cm outside the house. DMR 5G+ is a pre-finalized
product with several filtered points that are not normally available on land survey office websites,
and therefore similar statistics or RMSE in an exposed or covered area are not available. This model,
however, has a slightly higher point density (0.165 points/m? vs. 0.125 points/m?) than DMR 5G and
leaves more points on a terrain skeleton.

The model’s accuracy assessment was carried out on a wide scale on fairly ideal surface terrain
types and points of the fundamental horizontal geodetic control or additionally created geodetic
control points. This type of evaluation characterizes the resulting products mainly from the point
of view of internal variability rather than absolute height error which, as described in the modeling
methodology [8], can achieve higher vertical differences. Although RMSE reliability is high and
calculated as a triple of the standard deviation between geodetic control points and a model derived
from airborne laser-scanning data, this evaluation is subject to a systematic error generated by the
locations and characteristics of the test points. The laser-scanning method for collecting topographic
data has some limitations regarding measurement accuracy and, therefore, the role of errors stems
from the topographic nature of an area, which may be regionally completely different from the overall
assessment of the altimetry model [9,10]. It is assumed that areas with higher vertical differences in
territories with no ideal surface type will record higher elevation differences. Therefore, sites with rock
formations characterized by higher vertical differences and more different shapes were selected as
relief test types.

The presented study discusses the potential use of the DMR 5G model in identifying and assessing
the accuracy of capturing rock formations from airborne laser-scanning data. Rock outcrops as edges
of landslides were looked for and validated with the ALS DTM in Poland. Altitude, slope, slope
orientation, and relief energy were selected as the main search parameters in the DTM [11]. Automatic
facet detection on rocky surfaces was investigated in [12]. During identification, the varying density of
the point cloud and its influence on the success of classification was tested. The theoretical approach
to defining rock formations and the quality of the DTM model has been dealt with in [10]. The main
aims of this paper are to:

- identify localities with rock formations from DMR 5G+;
- assess the accuracy of DMR 5G and DMR 5G+ at these sites;
- validate this assessment by creating a true 3D model of a rock formation.

After the introduction describing state-of-the-art DTM development in the Czech Republic,
the paper is structured as follows: Section 2 describes potential errors encountered in laser scanning
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as well as the methods for evaluating height models by calculating volume difference, on which
rock formation evaluation is based. Also, a semi-automatic method for detecting rock formations is
specified together with an assessment of elevations in a 3D control model of a selected rock formation
that is created from terrestrial laser-scanning data. A pilot study of Zd'arské vrchy is described in
detail in the following section and its results are compared with existing studies. The final discussion
summarizes the main achievements and proposes possible follow-ups.

2. Theoretical and Methodological Background of Laser-Scanning Spatial Data

During its brief history and from its first introduction in the 1960s, the development and use
of laser for collecting topographic data has made major steps forward. Today, laser scanners have
a wide range of usable wavelengths of varying power and are either used as static (total station)
or mobile (airborne or terrestrial systems) devices [13]. The development of measuring methods
follows a similar trajectory. The basic principle of measuring objects is to record the time between
the emission and capture of a reflected laser beam. This time-of-flight can then be recalculated to the
metric distance pj, thereby obtaining the relative distance of the object from the laser scanner. It is also
necessary to record the location of xy,, y1,, (GPS—global positioning system), scanner orientation x,
Vb, IMU—inertial measurement unit) and the direction of the laser beam xy, y1, zjp (laser unit) at the
time of emission. Based on the known coordinates of the scanner, its orientation, and calculated object
distance, each point can then be precisely located with absolute coordinates Xm, Ym, Zm relative to the
origin of the coordinate system [14]. Other traditional methods of measurement include continuous
mode, full-waveform mode [15], or multispectral mode similar to multispectral imaging [16]. Perhaps
the most up-to-date, efficient, and accurate method currently is the so-called single photon lidar.
This method has lower energy demands and allows faster data collection compared to conventional
solutions [17]. Regarding mapping with laser scanning, we can take into account three error groups
that may affect the primary point cloud quality:

1. Errors caused by the technologies used.
Errors caused by atmospheric conditions.
3. Errors caused by reflections from objects.

Errors caused by technologies stem from internal scanning settings and include errors in
clocks, detectors, scanning devices, navigational and geodetic devices, and communications between
devices [13]. They also include errors in transmitted beam parameters and distances of objects
measured by laser scanners. A transmitted laser beam passing through an atmospheric layer changes
its original properties. Errors caused by atmospheric conditions include atmospheric refraction,
extinction, and diffraction divergence of the laser beam, whose size mainly depends on temperature,
pressure, humidity and purity of the atmosphere, as well as beam wavelength and overall length and
emission direction. Errors caused by reflections from objects are affected by the reflectivity of objects,
surface roughness, angle of beam incidence, and multipath. A more detailed description of errors and
the functioning of each system component can be found in textbooks, such as [13] or [14]. It was not
possible to measure all these variables throughout the project, therefore this paper only evaluates the
cumulative error of the data. It is always necessary to compare a device with alternative methods,
such as stereophotogrammetry or tachymetry, since parameters such as speed and data-acquisition
accuracy are relative in this respect.

Creating Digital Elevation Models and Evaluating Accuracy

Since modern laser scanners operate at a high frequency [18], large point cloud datasets are
created. In addition to the absolute number of points, the point density usually planned according to
the purpose for capturing this data is important. These point clouds are computationally challenging
in post-processing, so common point cloud filtering (e.g., removing error reflections, removing points
on objects not part of the mapping project, removing redundant points on overlapping scanning strips)
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is necessary. The result is sparse point clouds, most often irregularly spaced points, usable for creating
digital-elevation models. Point cloud processing to reconstruct and render detailed 3D model objects
and storage structures is described, for example, by [19].

Digital elevation models of the Earth’s surface from laser scanners are most commonly stored
and distributed as point clouds [1]. Based on these data, continuous grid-based and triangle-based
models are reconstructed. While grid-based models are the result of point cloud interpolation,
triangle-based models connect points into triangular structures where, when using a Delaunay
triangulation, the same model is always obtained. In terms of interpolation, this may not always be
achieved if geostatistical methods of interpolation are used for working with an element of randomness
(e.g., kriging). The spatial resolution of a single pixel also plays a significant role. Although this value
can be derived from the average distance of the nearest neighboring points, it fails to reflect frequent
non-homogeneity of the point cloud density (resulting from the scanning principle or processing
techniques) and is thus distorted [20,21]. This fact influences the evaluation of a model’s accuracy,
where different results moving in a different range of values are always obtained. Additionally,
triangle-based models capture important natural breaklines in the landscape and thus do not smooth
the resulting model as much as grid-based models.

Several approaches can be employed to assess accuracy, and each has its advantages and
disadvantages. We can mention methods to evaluate the network of irregular triangles, raster grid
of a digital model, or volume difference, or assign information from the nearest neighboring points.
Heights can be compared across categories of surface types, in different geomorphological conditions,
or with different stages of product processing [20]. In Earth sciences, scenes are modeled more planarly
than as fully 3D scenes. Therefore, we can compare these 2.5D models stored horizontally with the
methods listed above. The evaluation of height models derived from airborne laser scanning in the
Czech Republic was performed with [22] or [23]. Apparently, the most commonly used evaluation
of these data using volume difference can be found in the works of [9,23-25]. The method is based
on interlacing the test and reference model in the form of a triangle-based model across the test
area. The quality and error parameters of the tested elevation model are derived from the resulting
differential model. Regarding the data obtained by airborne laser scanning, more errors can be expected
in places with higher vertical differences or areas with inappropriate material or surface type for this
specific data-collection method.

Obviously, some of the most probable locations in the open landscape prone to error are rock
formations partially hidden by forest. Their shape and height may be affected by incorrect classification
of the original points or by some of the filtration methods. These sites are frequently popular tourist
sites or landmarks and are often used for modeling visibility characteristics. Therefore, it is necessary
to identify these locations in point clouds correctly and maintain their height and position as accurately
as possible. The method for determining the position of these objects and the possibilities for assessing
the quality of the entry for elevation models is discussed in the following chapter.

3. Methods

A digital terrain model is the final result of processing all the last reflections of emitted
beams. When working with raw data, rock formations and unshaded terrain can, in most cases,
be distinguished from the first reflections of the surrounding vegetation based on the amount and form
of reflected energy, since more energy is reflected from a solid surface than the partially penetrable
layer of a tree floor [13]. Regarding terrain under vegetation (or similar, partially penetrable objects),
the last point of multiple reflection of the emitted beam is taken into account. In the case of a processed
point cloud, all this information may be missing, and only the geometrical information in the form of X,
Y, Z coordinates is available. To identify the rock formations, it is necessary to consider the geometric
assumptions of the formations and possible locations of their occurrence. This processing system is
very similar to the basic assumptions of raw data filtering [26].
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A rock formation is most commonly characterized by a high inclination of slope and
well-identified edges (it can also be an isolated structure), a compact object in terms of space (it is
distinguishable from isolated boulders), and with vegetation rarely higher than small shrubs (except
wood species, e.g., pine trees).

Figure 1 shows the whole process of identifying points located on the surface of these rock
formations in the DTM point cloud, the spatial definition of individual rock formations, the assessment
of their accuracy based on the existing topographic database, and detailed 3D modelling from
terrestrial scanning.

ZABAGED — 2D Quality
planimetric assessment
components

Inputs:

Quality Bila skala 3D
assessment (all object from
rock formations) terrestrial laser

scanning

Inputs

DMR

Semi-automatic
method (Fig. 2, 3)

2.5D Quality

5G and
assessment

DMR 5G+

Conclusions

Inputs:
Manual selection 3D Quality
of rock assessment
formations

Figure 1. Workflow showing identification and quality assessment of rock surfaces from digital terrain
model (DTM) data.

The initial identification of points lying on a rock surface can be performed with a semi-automatic
method based on evaluating the nearest neighbors around individual points in 2.5D terrain. Surface
discontinuities are defined by the vertical difference of neighboring points, the slope size, and the
number of outlying points. The neighborhood of each point is defined by a Delaunay triangulation
and Thiessen polygons, each point in the polygon having an irregularly shaped area. Its shape
and size depend on the number and spacing of surrounding neighbors. The maximum vertical
difference between the tested point is determined for each neighboring point, and if this difference
is exceeded, the neighboring point is marked as an outlier. It is thus possible to search for points
that vary considerably from their surroundings and show certain slopes in the terrain. Furthermore,
the maximum allowed vertical difference threshold is defined in relation to the horizontal length at
which this elevation changes. This limit can be expressed as a percentage where 100% indicates a slope
of 45°, so the two edges of this triangle are the same length. Extreme values in this situation are 0% (no
vertical difference) and co % (means the vertical wall). Once this limit is exceeded, the neighboring
point is again marked as an outlier. For both search settings, it is also necessary to determine the
percentage of points near the tested point where the maximum admissible value of the aforementioned
characteristics must be exceeded. For example, setting 70% means that to mark the tested point as an
outlier at least 70% of the neighboring points must exceed the maximum admissible value of the given
characteristics. The principle of identifying outlying points is shown in Figure 2.

The tested point X is vertically and horizontally distant from point A by Vxa and Dxa, which
defines the spatial angle «, which is used to evaluate the maximum admissible percentage deviation of
points. In this way, the other surrounding points B to F are tested and, based on their results and the
set point of the vertical difference of surrounding points, the tested point X is marked as an outlier
or not. When combining and setting these limits correctly, the points are selected so that they mostly
define the areas of vertical obstacles in the area, in this case rock formations.

It is obvious that some rock formations may have round tops that are not selected in this way. This
method must be completed with the process of aggregating close points according to their location
in 2D into individual polygons. A major influence on polygon formation by aggregation from point
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data is applied by setting the maximum mutual distance for point attachment to other clustering
points. If the selected distance is too small, a large number of separated polygons would be created,
dividing real rock formations into several parts. By contrast, when determining a long distance,
clusters of remote points would be formed to create an unreal rock massif. This parameter is mutable
and depends primarily on the average distance between the nearest neighbors of the point cloud as
well as knowledge of the environment in which the rock formations are located. The whole process of
searching for rock formations was processed in ArcGIS 10.2.2 and is shown in Figure 3.

T I

o ¢

Figure 2. Example of outlier point evaluation procedure. Vx, means vertical difference and Dxa
means horizontal difference between tested points X and A. These two variables define angle «.

FULL POINT CLOUD

NEIGHBORHOOD OF

TESTED POINTS TESTED POINTS

PROPERTIES OF CLASSIFICATION

_________ N TR N
Wl oo ey VERTICAL
D% SLOPE  piFrERENCE
OUTLIER g
OTHER *100% v o
POINTS H OUTLIER OTHER
§ beloy,
ROCK SURFACE OTHER SURFACE
POINTS
AGGREGATION
max. distance DISTANT POINTS
POLYGONS
AGGREGATION
. ditance SMALL DISTANT POLYGONS
ROCK FORMATION

Figure 3. Process of searching for rock formations. Vx means vertical difference and Dxa means
horizontal difference between tested points X and A.
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Determination of the lower and upper edges of airborne laser scanning was solved by [27].
The authors defined the basic prerequisite for calculating the positive and negative curvature of the
terrain (grid-based), which gives the location of the edges. Subsequently, these edges are vectorized
and the height is transferred from the underlying DTM. Knowledge of the environment can also
be understood as the availability of a support data source for land cover and land use. As a result,
formations can only be looked for in areas where they are expected to occur.

Modeling and assessing the accuracy of rock formations is now more or less reduced to monitoring
the stability of slopes and rock blocks and performed in the case of laser scanning from terrestrial static
stations [28,29]. Regarding the assessment of accuracy of rock formations from airborne laser scanning,
it is obvious that the point cloud density on these objects is several times lower and is influenced
by a different scanning direction. However, spatial deviations in the X and Y axes can be evaluated
based on determining the lower and upper edges. The method called multiscale model-to-model
cloud comparison (M3C2) can even calculate the X, Y and Z axes on individual rock walls using
the local terrain model [30]. This method is not only limited to the nearest neighbor, but to the
entire user-defined neighborhood of the point. Its main advantage is usability for different scales
and the elimination of the problem of varying point cloud density. The resulting information gives
an idea of the reliability of the digital terrain model in extreme locations and can be used to compare
and potentially update topographic data. In the next chapter, DMR 5G+ is used for searching rock
formations, and the evaluation methods presented in this section are used on a selected area. Another
part of the evaluation is carried out on the selected rock formation Bila skala, which was modeled as
a reference from terrestrial scanning data.

4. Empirical Elaboration of the Field Campaign

An area of approximately 25 km? in the Protected Landscape Area of Zd'arské vrchy (Figure 4) was
selected as a study site. Folding processes here formed ridges predominantly in a south-east-north-west
direction, where more resistant migmatites and metagranites formed relatively broad ridges originally
separated by widely opened valleys that gradually narrowed and deepened. In the areas at the peaks
of the ridges, it is often possible to encounter rock formations tens of meters high. The rocks have
vertical walls facing most cardinal directions and slopes with slight gradients formed by boulders and
streams created by polyhedral rocks. Most of the area is covered with coniferous forests or permanent
grass fields. Small municipalities are in the northern and north-eastern part of the area.

© OpenStreetMap (and)
contributors, CC:BY-SA

C3 Czech Republic Vysocina region ] Selected area ® Rock formation

Figure 4. Overview map of study site in several dimensions: (A) in Europe; (B) in the Czech Republic;
(C) in the Vysotina region; (D) the processed area with the placement of the 3D object Bila skala.
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4.1. Evaluation of DMR 5G Quality at the Selected Location in Zd'drské Vichy

Data from DMR 5G as well as DMR 5G+ were used from the selected area. In addition, the digital
database ZABAGED® (Fundamental Base of Geographic Data of the Czech Republic), which is the
main source for creating topographical maps in the Czech Republic in scales 1:10,000 to 1:100,000, was
used for object type selection. ZABAGED® has planimetric components containing 117 types of objects
with a predominant postitional RMSE of up to 5 m. ZABAGED® has a wide range of data sources,
which are described in the ZABAGED® Object Catalog [31].

The first part of the assessment is an identification of rock formations from DMR 5G+ using the
semi-automatic method. Using ZABAGED® planimetric components, it is possible to determine the
land-cover types where these objects will not occur (built-up municipal areas, water areas, meadows)
and where the probability of occurrence is highest (forested areas). Rock formations as a type of
object are part of ZABAGED®, but the accuracy of markings is rather indicative of the initial mapping
scale of 1:10,000. Therefore, this information can only be used as default information for determining
the type of surfaces where these objects occur. For their true identification, DMR 5G+ was used and
semi-automatic methods were applied. As mentioned in the Introduction, DMR 5G+ has a higher
point density that makes it more suitable for searching for vertical barriers. An average horizontal
distance of 1.3 m between points was found in this study area. This value can also be used to set the
semi-automatic method parameters.

In general, higher vertical differences mean lower horizontal distances of points than those
measured in planar locations (with respect to 50% lateral overlap of the strips). To exclude points
that are too close (e.g., as a result of joining neighboring strips), a minimum vertical difference is
required. Here, we can draw on the average horizontal distance of points and use this value as
a vertical boundary. Based on this process, the inclination of rock formation slopes can be determined
to an angle of 45°. Most likely, the walls will have a steeper gradient, although specifying this angle
will exclude neighbors that are caused by the non-homogeneity of the point cloud and that meet the
height limit over a long distance. Lastly, we need to specify a value for evaluating the outlying distance
of a point from its neighborhood. From a bird’s-eye view, rock formations are generally convex, so
the remote point must conform to that condition. Therefore, taking into account the expected vertical
differences, a 30% boundary was set, indicating that the test point would be evaluated as an outlier if
at least 30% of the neighboring points exceeded the angular and elevational limit. By applying these
settings, clusters of points are searched for in the rock formations. For their delineation, points need
to be aggregated into polygons and exclude those that are not rock formations. This can be done by
specifying the minimum size of the polygon surface.

Since the contour model of ZABAGED® does not include surface modeling of rock objects, a layer
based on manual polygon definition and shaded slope relief of DMR 5G+ is created for positional
comparison. Another possible alternative would include combining different directions and terrain
elevations and creating multi-component shading reliefs. The method of volume difference and
identifying gross errors presented in the works of [9,24,32] and [23] can also be used for height
accuracy. However, in contrast to the ZABAGED® altimetry reference model, DMR 5G + and DMR 5G
are tested. Regarding the calculation of volumes, an approach is used where both models are in the
triangle-based structure, and by subtraction create bodies which can be subsequently calculated for
their volume. An essential part of the process is to determine absolute error as m;y,, systematic errors sy,
and the proportion of gross errors [23]. Equations for calculating variables are as follows:

2V
= — 1
Sy S ( )
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H, = et @

where sj, is calculated as a sum of all the positive and negative volumes divided by the total area
under these volumes, a; similarly adds positives and negative volumes but has absolute values, and
H,y, calculates gross error as a triple of the standard deviation Sy, between elevations of both models
which is divided by the total tested area.

4.2. Evaluation of DMR 5G Quality on the Selected Rock Formation

Due to the pilot study indicating that the DMR 5G+ model does not capture rock formations
precisely, mapping was performed using a terrestrial laser scanner at the selected rock formation called
Bila Skala to evaluate absolute accuracy and assess the impact on its cartographic representation. This
rock object is almost 30 m high and about 63 m long. Its broadest width is 21 m [33].

The FARO Focus3D X 130 laser scanner was used for terrestrial scanning. This device performs
near-infrared laser scanning at a wavelength of 905 nm. The emitted beam has a divergence of
0.19 mrad and power of 20 mW. The guaranteed maximum measurement error is 2 mm at 25 m for
materials with a reflectivity of 10%. At the time of scanning (autumn 2014), the closest neighborhood
of Bila skala was wooded, making it impossible to scan from minimum positions. Therefore, scanning
from nine positions with an average horizontal length from the rock block of 15 m was chosen.
The merging of individual scans was based on finding regularly spaced identical points representing
white and highly reflective reference spheres with a total RMSE of up to 2 mm. The position of the
scanner stations was determined by the Real Time Kinematic (RTK) system. Corrections were used in
the navigational signal transmitted by the mobile network so that precision could be characterized by
total RMSE of 1 cm. After filtering the surrounding vegetation and other points outside the rock object
(both in Autodesk Recap), a total of 2,000,000 points remained. This point cloud combined most of the
errors that can be encountered during terrestrial scanning—point density variability, holes caused by
shadows behind objects and erroneous measurements. After processing the point cloud into a closed
3D model, 850,000 points remained in the object (in Geomagic Wrap 2014), that is, 1085 p/m?. This
model was tested with the M3C2 method (see Section 5.2) and can be characterized by total RMSE of
11 cm. The resultant model and its real form can be seen in Figure 5.

The accuracy of a DMR can be assessed in different ways. The first method applied is the
previously used volume difference method (Section 4.1). In this case, the purpose of the method
was to define areas of different heights rather than looking for systematic or gross errors. Since the
point density of airborne laser-scanning data is much lower at this location, the point cloud over the
area bounded by the orthogonal projection of the 3D model was recalculated with additional points.
A point network was generated with a 10 cm spacing (equivalent to the average distance of the closest
neighbors of 3D-model points) and was interpolated with a height from the triangle-based model
created from DMR 5G. At the same time, the 3D model was converted into a triangle-based model
in 2.5D.

The second way is to assess the orthogonal projection of the rock formation on the map.
The orthogonal projection of a 3D model onto a plane lacks information about possible overhangs,
but the airborne laser-scanning method works on the same principle. Two possible approaches
can be used. The first and less appropriate is the percentage calculation of the area overlapping
compared polygons. The second approach works with the distance of the outlines of the compared
polygons. The distance can be determined in several ways—searching for the closest neighbor, finding
a perpendicular distance to the second outline, or measurement in normal direction (M3C2) between
compared polygons. Each of these methods returns numbers in the results which are a little bit
different, but their crucial advantage over the first approach is the ability to determine the distance
of each part of the compared geometry. A comparison was made here based on the vertices of the
boundary line and searching for the closest neighbor. The boundary line of the rock formations created
by the semi-automatic method and the horizontal boundary line in ZABAGED® were densified by
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vertices with a spacing of 10 cm. Subsequently, the nearest neighbors were found and the minimum
distances to the line points (1542 in total) of the orthogonal projection of the 3D rock model were
calculated. Both methods were processed in ArcGIS 10.2.2.

Figure 5. The real form of the Bila skéla rock formation (above) and a 3D model with dimensions
(below).

The third way to evaluate the quality of DMR models is by the total distance of their points from
the nearest neighbors of the point cloud forming the rock’s 3D model. This simple and relatively fast
method is used to describe the basic total distance of the compared point data when using the local
terrain model [30]. The distance of point clouds was calculated in CloudCompare 2.6.3, with an area of
5 m set to calculate the local model. The result is a spatial distance of clouds which can be decomposed
into X, Y, Z coordinates of parallel coordinate system axes.

5. Evaluation of Results

The results of the DMR 5G accuracy assessment need to be seen in the context of previous works.
These contributions revealed the influence of low vegetation or permanent grass in fields where the
height of recorded points is overestimated by a root-mean-square error of up to 21 cm [22]. In another
case, it was found that the altimetry (contour model) of ZABAGED®, which until the time of airborne
laser scanning was the most accurate altimetric database in the Czech Republic, is stored 23 cm higher
than in DMR 5G [1]. This was also confirmed with regard to geodetically measured points [25].
However, it is expected that the DMR 5G point cloud does not cover the local maximum and minimum,
hence the top of rock formations will show a lower altitude than the densely-represented DMR 5G+
and 3D model from terrestrial scanning.
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5.1. Results of DMR 5G Quality Evaluation for the Selected Location

As a starting point where the semi-automatic method of searching for rock formations was
applied, the type of object in ZABAGED® called “Woodland with trees” with code 6.07 was chosen.
Selected outliers were linked to polygons with the following settings: maximum point distance of
5 m, maximum distance of 15 m between close polygons, and removal of polygons smaller than
50 m?. These settings result from empirical testing of the options above in the underlying data of
topographical maps and orthophotos. The result of the process can be seen in Figure 6 showing
a comparison of the manual method and the definition in ZABAGED®. A particularly brief definition
of the number of objects is in ZABAGED®. Airborne laser-scanning data are, therefore, a very good
source for updating this database.

- - - -ZABAGED data —— manual selection semi-automatic method

Figure 6. Comparison of rock formation selection based on ZABAGED® data (blue dashed line),
manual selection (purple solid line), and semi-automatic methods (red dotted line) on the base of
a shaded trinagle-based slope model of DMR 5G+ and topographic map 1:10,000.

When comparing DMR 5G and DMR 5G+ models, Table 1 observes that quite large maximum
and minimum vertical differences are at these locations. At the same time, it is possible to observe the
increasing altitude variance of the models, an increase in gross errors, and the area they are in together
with a gradually decreasing delimitation area of rock formations (Figure 5, Table 1), which indicates
the fact that the altitudes of rock formations in the basic model of DMR 5G are underestimated and
that higher elevation differences are not only likely to occur on the slopes of rocks, but on peaks.
Particularly interesting information is that 8.07% of the area exceeds its inaccuracy of the gross error
height of 6.71 m from the reference surface, which is a very high value for the study of visibility or
for signal propagation in telecommunications. Therefore, data were collected from the selected rock
formation to corroborate or disprove the hypothesis that higher error values are present for the top
parts of rock formations.
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Table 1. Calculated characteristics by volume difference of DMR 5G and DMR 5G+ (absolute error as
my, systematic errors sy, gross error as a triple of the standard deviation between elevations of both

models).
Standard Mlnn‘num Max1'm um Gross Error Total
.. Vertical Vertical Gross .
Area sy, (m) my, (m) Deviation . . Rate in Area Area
Difference  Difference Error (m) o 2
(m) (%) (m*?)
(m) (m)

Whole area 0.00 0.01 0.17 —21.42 8.38 0.04 1.83 25 x 10°
Manual ~0.81 1.25 2.21 —21.42 8.38 3.76 3.93 47,778
method

Semi-automatic 55 55y 3.18 —21.42 8.38 6.71 8.07 26,769
method

5.2. Results of the DMR 5G Quality Assessment at Selected Rock Formation

Based on the results above (Section 5.1) and in accordance with the established methodology
(Section 4.2), three ways of assessing the accuracy of DMR 5G and DMR 5G+ were proposed against
the 3D model itself or its derivations. The vertical difference of both models at this site is shown in
Figure 7. In the figure, the DMR 5G model has more or less two error distributions, where the western
and south-western part of the rock space is significantly lower (less than —6 m), while the remaining
part has an average of 0 to 2 m above the reference model.

VERTICAL DIFFERENCE BETWEEN 3D MODEL AND DMR 5G N

VERTICAL DIFFERENCE BETWEEN 3D MODEL AND DMR 5G+

Figure 7. Demonstration of DMR 5G+ and DMR 5G variance at the Bila skala location created from
a 3D rock object.
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The results of the first evaluation method using volume difference applied to a relatively large
area set by manual selection in Section 4.1 can be seen in Figure 8. Errors in the north-western part
are associated with removing the entire lower block of the rock, so the vertical difference in those
areas reaches the highest values. Similarly, vertical differences are visible on the south-western part
at the edge of the rock with a slightly overhanging wall. The numerical representation of airborne
laser-scanning models and the derived 3D model from terrestrial scanning is shown in Table 2.

Table 2. Summary data on vertical difference of compared DMR models to the reference model created
from the Bila skéla 3D object.

Elevation Model Mean Vertical Standard Maximum Vertical Minimum Vertical
evatio ode Difference (m) Deviation (m) Difference (m) Difference (m)
DMR 5G —3.26 5.61 10.21 —20.96
DMR 5G+ —0.82 3.59 21.13 —20.93

In addition to extremes in the form of maximum and minimum errors, an important average
difference in heights of points is indicated. The value of —3.26 m (negative value means
underestimation compared to a real surface) correlates with the observation of vertical differences in
Figure 8. By contrast, DMR 5G+ shows that even in the southeastern part of the rock formation some
points are captured and not only present in the commercial version of DMR 5G. However, the height
deviation in these places is still higher, indicating a probable measurement error.

VERTICAL DIFFERENCE DISTRIBUTION
' BETWEEN DMR 5G AND DMR 5G+

—>=

Figure 8. Spatial comparison of vertical difference distribution of the DMR models determined by
manual selection (m).

The results of the second method, which evaluates the position of a rock object in 2D, are shown
in Table 3 and Figure 9. These outputs show an inaccuracy in the DMR 5G+ model from which the
polygons of rocks were formed, as mentioned in Section 4.1. The outputs indicate high maximum
deviations associated with a failure to capture the rock surface area in the north-western part. Based
on further processing, DMR 5G is even more generalized in terms of dimensions in the north-western
part compared to DMR 5G+ in terms of higher altitude deviations.

The last method of evaluation focused on the total distance of point clouds. Basic error statistics
from M3C2 for all axes for both evaluated DMR models are shown in Table 4. The options included
the neighborhood dimension in which the local relief was calculated and the maximum distance
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determined. Neighborhood size was calculated as the average of the absolute mean values in the
2D model (Table 3, semi-automatic method) and the vertical difference of the DMR 5G+ model
(Table 2). The maximum distance where points were included in the computing process was set at 5 m.
The occurrence of individual problematic areas is shown in Figure 10. DMR 5G shows the greatest
variation in the middle section of the object, where the highest vertical difference compared to the
created 2.5D rock model was observed. The distances in the model from the real surface is on average
0.81 m, with the smallest error components being the X and Z axes, while the Y axis adds maximum
distance. The surface of DMR 5G+ shows a difference in surface improvement roughly twice larger
regarding distance compared to DMR 5G. These results indicate a lower amount of mass compared to
the model from terrestrial laser scanning. Two areas of greater vertical differences can be identified in
the model, the first being located on the northern side of the rock surface and the other on the very
edge of the studied area in the south-western part.

DISTANCE OF 3D MODEL BOUNDARIES ZABAGED® PLANIMETRIC N
FROM OTHER ORTHOGONAL DATA COMPONENTS

= 0.00 - 2.50
2.51-5.00 (
5.01-7.50
7.51-10.00
10.01 - 12.50
- 12.50 - 15.00
— 15.01-17.50

(C23 compared polygon o —

MANUAL SELECTION N SEMI-AUTOMATIC METHOD N
0 5 10 20m 0 5 10 20m

Figure 9. Comparison of 3D rock object layout, ZABAGED® planimetric components, manual selection,
and semi-automatic method (m).

Table 3. Basic parameters of 3D rock object layout, ZABAGED® planimetric components, manual
selection, and semi-automatic method (RMSE means root mean square error).

Maximum Vertical

Type of Method RMSE (m) Standard Deviation (m) Difference (m)
ZABAGED® plan. comp. 7.16 4.8 17.01
Manual selection 3.83 1.88 9.07

Semi-automatic method 2.09 3.30 13.18
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Figure 10. Comparison of 3D rock object layout and distance from DMR 5G ((A) looking from the
south; (B) looking from the north) and from DMR 5G+ ((C) looking from the south; (D) looking from
the north) (m).

Table 4. Distances of DMR 5G and DMR 5G+ models with single-axis distribution calculated from
a comparison of closest neighbors of point cloud models (RMSE means root mean square error) (m).

Elevation Model Axis Direction RMSE (m) Standard Deviation (m) Maximum (m)

X 0.36 0.47 3.44

Y 0.55 0.70 4.25

DMR 5G Vi 0.36 0.47 331
Total distance 0.81 0.88 4.53

X 0.22 0.31 2.67

Y 0.29 0.39 2.88

DMR 5G+ z 0.24 0.35 3.04
Total distance 0.47 0.54 3.72

6. Discussion

The first important result of this contribution is the relatively reliable ability to search for rock
formations using the semi-automatic method. Thanks to this method, a rock formation called Cerna
skala (70 m long, 15 m high, 25 m wide) was found, which is frequently visited by rock climbers and
completely missing in the ZABAGED® planimetric components. This method can help to update it.
The method is, however, partly experimental and depends on available data, and therefore it would be
useful to test it on a different type of relief and data.

In addition, an altimetric assessment was performed using the volume difference method. This
method has already been successfully tested in other parts of the Czech Republic. This paper proved
that general evaluation hides errors present in the models, where increasing deformations and the
convexity of shapes leads to higher deviations in the vertical geometry of the tested models. This can
be seen from the data in Table 1, where the systematic error sy, is zero in the whole available area, while
in the assessment of the rock formations it is more than 1.5 m. This finding involved acquiring support
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data from a terrestrial laser scanner and creating a detailed 3D model of Bila skala. This three-level
assessment on the object showed that both the ZABAGED® planimetric components and the DMR
data did not accurately reflect the north-western block of the rock formation. In the ZABAGED®
planimetric components, a maximum horizontal error of up to 17.5 m is evident. It was also found
that the DMR 5G+ data are of higher quality for the top of the rocks, where their average difference is
0.82 m compared to DMR 5G, where the average difference was recorded to reach 3.26 m. This was
also investigated from the point of view of the distance between the walls in all axes of the space. DMR
5G+ is approximately 47 cm further away from the real walls of the Bila skala formation.

One of the factors that can influence the results when assessing accuracy is the location itself.
The area is covered with coniferous forests, which can cause problems for both airborne laser
scanning [34,35] (for various reasons including poor beam penetration, beam width at impact, and
multipath) and terrestrial scanning, where the 3D model needed to deal with rocks occasionally
obscured by tree trunks. Another drawback of the 3D model is partial interpolation in the flat top part.
Although this site is at most 3-5 m wide, the beam from the terrestrial scanner is unable to reach it and
may cause a height deviation of several tens of cm. A partially contentious issue may be in assessing
the total distance of rock walls. The method determines the distance based on the distance from the
local plane of the relief, which is calculated from the interlacing of neighboring points by a straight
line. At the top parts, points can even be selected on the opposite wall, which changes the orientation
of the local plane of the relief, and an incorrect value is entered into the result of the test point.

It is obvious that the current quality of the DMR 5G model in areas with rock formations has
certain drawbacks. Obtaining better quality for the top of rock formations must necessarily involve
several successive steps. Experimentally, it was found that the current density of points (even with
respect to raw data) for the identification and more precise spatial delimitation of rock objects is
insufficient [10]. As the minimum point density, the 10 p/m? limit is fixed and scanning from different
directions to deal with obstructions is recommended. This recommendation can be further extended to
the parameters of a flight plan and its components. For example, it would be necessary to provide
better beam penetration through the vegetation layer when scanning during the vegetative season,
such as reducing the flight level of the aircraft, increasing the transmitted beam intensity, or reducing
the beam view angle so that the final achieved density corresponds to the set plan. By contrast,
the experience of [36] suggests that even higher point density may not always guarantee a more
accurate result. At a density of 7 p/m?, boulders with a base size of at least 4-6 m can be clearly
identified. But it is still unlikely to solve the issue of overhangs, which are more conveniently scanned
with other methods (such as terrestrial station, remote-piloted aircraft systems). This method for
processing supplementary data would be possible even under difficult situations as shown in [12].
One possible error in testing and modeling the Bila skdla object is the varying point cloud density.
In the next stage of the research, this could be reworked into a better model, but the cost would be
increased calculation time [12].

By comparing the results with [11] it can be argued that one of the most important parameters
in searching for rock outcrops and formations is slope, while altitude or slope orientation is not so
important. By contrast, the method of volume difference with a triangle-based structure is more
credible than raster representation [11,24] for calculating the volume of displaced mass. If the required
final cloud density is met, additional support steps must be taken to improve the classification of
points in groups such as vegetation and terrain to avoid undesirable errors. One of the options is
to process additional information about the return beam. If information from a scanner is available,
such as the width or intensity of the returned pulse, this information can be used as support for
other parts of the processing steps. Calculating the ratio between the width and amplitude of the
returned pulse proposed by [10] and the consequent derivation of the probability characteristics of
each point in a group appears to be a usable parameter in this case. However, it is based on the simple
behavior of the beam, which in fact has more complex interactions with the surrounding environment.
For this reason, other variables, such as information about the physical condition of objects, should be
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included in the characteristics if available. Another option is to create several groups of certain types
of objects that can serve as training surfaces to derive the necessary characteristics of the reflected
signal. Based on these characteristics, the return signal may be decomposed. In the case of existing
manual classification based primarily on evaluating the geometric information of points, the success in
leaving terrain points in rock formations may increase together with the time needed for the manual
processing phase. It is likely that the ratio of poorly assigned points to other groups would be reduced.

The results obtained should have a primary impact on the processing steps of ALS data. If the
points above problematic sites are added, DRM 5G will achieve other possible and higher-quality uses.
This should be directly reflected in cartographic production when updating the ground-level definition
of rock formations, which will certainly be found in hiking maps. Up-to-date altitude information will
improve the visibility modeling methods for an area, as long-term plans to increase the attractiveness of
an area are calculated taking into account the ongoing deforestation of rock formations. An undeniable
advantage would be gained from the use of DMP 1G in saving some of the nearby tree vegetation in
the vicinity of the rocks.

7. Conclusions

This paper deals with processing and evaluating DMR digital terrain models aimed at
identification of rock formations. The introduction presents the derived models under a project
in the Czech Republic for creating new altimetry and their declared quality. In addition, theoretical
concepts of laser-scanning errors are presented. The main content of the paper is divided into two
parts. The first part includes a semi-automatic method to identify rock formations from a point cloud.
These objects are then assessed for accuracy using the volume difference method between DMR 5G
and DMR 5G+ data. Based on the preliminary results, support data was collected on the selected rock
formation Bild skala using terrestrial laser scanning. A faithful 3D model of the object was created and
used for a more accurate three-level evaluation of the quality of the relief digital models. The results
showed that the quality of the DMR 5G model decreased with increasing fragmentation and relative
height of the rock formation, while the proportion of gross errors increased. The complementary DMR
5G+ is better in terms of location and altitude but has occasional fundamental errors. Finally, the steps
for evaluation and the possible future development of data are critically discussed.

Currently, alternative methods for stereophotogrammetric evaluation of data sources originating
from piloted or remotely controlled aircraft systems (RPAS) are being developed. These systems
offer greater operational space and faster data processing and evaluation. However, they fail to map
hidden objects and situations that are not possible to capture with photos. Therefore, regarding the
further development of mapping, it will be important to complement and use adequate data for the
specific needs of a project. As usual, emphasis should be placed on quality, not quantity. Airborne
laser-scanning data have a certain quality because of the objectives of the project, but it is necessary to
think about them in a different way rather than through their declared overall reliability.

Supplementary Materials: The TLS data are available online at: https://drive.google.com/file/d/
1H5uM6Uwf{1310Z4]FkiA7rBK20eUI7unX /view?usp=sharing. The 3D model of Bila skala is available online
at: https:/ /drive.google.com/file/d/1ASoqSy8Jr6rWt0b1l_gwsmW5C8YtdXzYz/view?usp=sharing. The data
showing differences between DMR 5G 3D models are available at: https://drive.google.com/file/d/
1VYAef3V5]h7-LTrjze-n0KqBRa3bYtN9 / view?usp=sharing.

Acknowledgments: This publication was written at Masaryk university as part of the project “Integrated research
of environmental changes in the landscape sphere III” number MUNI/A /1251/2017 with the support of the
Specific University Research Grant, as provided by the Ministry of Education, Youth and Sports of the Czech
Republic in the year 2017 and project “Utilization of modern mapping methods for modeling of landforms, their
visualization and subsequent application” number TJ01000105 with the support of The programme ZETA of the
Technology Agency of the Czech Republic for the support of applied research.

Author Contributions: Petr Kubitek supervised the experiment and revised the manuscript including the
structure and results presentation. Vaclav Palecek performed the experiments, analyzed the data and wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.


https://drive.google.com/file/d/1H5uM6Uwf131OZ4JFkiA7rBK20eUI7unX/view?usp=sharing
https://drive.google.com/file/d/1H5uM6Uwf131OZ4JFkiA7rBK20eUI7unX/view?usp=sharing
https://drive.google.com/file/d/1ASoqSy8Jr6rWt0b1_gwsmW5C8YtdXzYz/view?usp=sharing
https://drive.google.com/file/d/1VYAef3V5Jh7-LTrjzc-n0KqBRa3bYtN9/view?usp=sharing
https://drive.google.com/file/d/1VYAef3V5Jh7-LTrjzc-n0KqBRa3bYtN9/view?usp=sharing

ISPRS Int. ]. Geo-Inf. 2018, 7, 142 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Stoter, J.; Vallet, B.; Lithen, T.; Pla, M.; Wozniak, P.; Kellenberger, T.; Streilein, A.; Ilves, R.; Ledoux, H.
State-of-the-art of 3D national mapping in 2016. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 41,
653-660. [CrossRef]

Oude Elberink, S.; Stoter, J.; Ledoux, H.; Commandeur, T. Generation and Dissemination of a National
Virtual 3D City and Landscape Model for the Netherlands. Photogramm. Eng. Remote Sens. 2013, 79, 147-158.
[CrossRef]

Federal Office of Topography. Das Hoch Aufgeloste Terrainmodell der Schweiz. Available online:
https:/ /www.swisstopo.admin.ch/content/swisstopo-internet/de /home/products/height/alti3d /_jcr_
content/contentPar /tabs/items/dokumente/tabPar/downloadlist/downloadItems/846_1464690554132.
download /swissALTI3D_detaillierte%20Produktinfo_2017_de_barrierefrei.pdf (accessed on 15 September 2017).
National Land Survey of Finland. Digital Elevation Model. Available online: http://www.maanmittauslaitos.
fi/en/research/interesting-topics/digital-elevation-model (accessed on 15 September 2017).

Head Office of Geodesy and Cartography. Centralny O$rodek Dokumentacji Geodezyjnej i
Kartograficznej, Warszawa. Available online: http://www.codgik.gov.pl/index.php/zasob/numeryczne-
dane-wysokosciowe.html (accessed on 15 September 2017).

Pavelka, K. Letecké Laserové Skenovani v CR a Moznosti VyuZiti dat Pro Dokumentaci Historické
Tézby Nerostnych Surovin. Available online: http://lfgm.fsv.cvut.cz/data/RIV /j%C3%Alchymovsko.pdf
(accessed on 1 August 2017).

Duséanek, P. Nové Vyskopisné Mapovéni Ceské Republiky. Available online: http://gis.vsb.cz/GIS_Ostrava/
GIS_Ova_2014/sbornik/papers/gis2014526faa8a434ef.pdf (accessed on 1 August 2017).

Brazdil, K. Technicka Zprava k Digitalnimu Modelu Reliéfu 5. Generace DMR 5G. Available online:
http://geoportal.cuzk.cz/Dokumenty /TECHNICKA_ZPRAVA_DMR_5G.pdf (accessed on 1 August 2017).
Silhavy, J.; Cada, V. New Automatic Accuracy Evaluation of Altimetry Data: DTM 5G Compared
with ZABAGED® Altimetry. In Surface Models for Geosciences; Springer: Heidelberg, Germany, 2015;
ISBN 978-3-319-18407-4.

Lysak, J. Topografické Mapovani Skalnich Utvarii s Vyuzitim Dat Leteckého Laserového Skenovani. Ph.D.
Thesis, Karlova Univerzita, Prague, Czech Republic, 2016.

Migon, P.; Jancewicz, K.; Rézycka, M.; Duszynski, F.; Kasprzak, M. Large-scale slope remodelling by
landslides—Geomorphic diversity and geological controls, Kamienne Mts., Central Europe. Geomorphology
2017, 289, 134-151. [CrossRef]

Anders, K.; Himmerle, M.; Miernik, G.; Drews, T.; Escalona, A.; Townsend, C.; Hofle, B. 3D geological
outcrop characterization: Automatic detection of 3D planes (azimuth and dip) using LiDAR point clouds.
ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 3, 105-112. [CrossRef]

Vosselman, G.; Mass, H.-G. Airborne and Terrestrial Laser Scanning; CRC Press: New York, NY, USA, 2010;
ISBN 9781439827987.

Shan, J.; Toth, C.T. Topographic Laser Ranging and Scanning: Principles and Processing; CRC Press: New York,
NY, USA, 2008; p. 616, ISBN 9781420051421.

Mallet, C.; Bretar, F. Full-waveform topographic lidar: State-of-the-art. ISPRS ]. Photogramm. Remote Sens.
2009, 64, 1-16. [CrossRef]

Wichmann, V.; Bremer, M.; Lindenberger, J.; Rutzinger, M.; Georges, C.; Petrini-Monteferri, F. Evaluating
the potential of multispectral airborne lidar for topographic mapping and land cover classification. ISPRS J.
Photogramm. Remote Sens. 2015, 2, 113-119. [CrossRef]

Swatantran, A.; Tang, H.; Barett, T.; Decola, P.; Dubayah, R. Rapid, High-Resolution Forest Structure and
Terrain Mapping over Large Areas using Single Photon Lidar. Sci. Rep. 2016, 6, 1-13. [CrossRef] [PubMed]
Toth, C.; J6zkéw, G. Remote sensing platforms and sensors: A survey. ISPRS |. Photogramm. Remote Sens.
2016, 115, 22-36. [CrossRef]

Gross, M.; Pfister, H. Point-Based Graphics; Elsevier: Amsterdam, The Netherlands, 2007; p. 552, ISBN
9780123706041.

Li, Z.; Zhu, C.; Gold, C. Digital Terrain Modeling: Principles and Methodology; CRC Press: New York, NY, USA,
2004; p. 340, ISBN 9780415324625.


http://dx.doi.org/10.5194/isprsarchives-XLI-B4-653-2016
http://dx.doi.org/10.14358/PERS.79.2.147
https://www.swisstopo.admin.ch/content/swisstopo-internet/de/home/products/height/alti3d/_jcr_content/contentPar/tabs/items/dokumente/tabPar/downloadlist/downloadItems/846_1464690554132.download/swissALTI3D_detaillierte%20Produktinfo_2017_de_barrierefrei.pdf
https://www.swisstopo.admin.ch/content/swisstopo-internet/de/home/products/height/alti3d/_jcr_content/contentPar/tabs/items/dokumente/tabPar/downloadlist/downloadItems/846_1464690554132.download/swissALTI3D_detaillierte%20Produktinfo_2017_de_barrierefrei.pdf
https://www.swisstopo.admin.ch/content/swisstopo-internet/de/home/products/height/alti3d/_jcr_content/contentPar/tabs/items/dokumente/tabPar/downloadlist/downloadItems/846_1464690554132.download/swissALTI3D_detaillierte%20Produktinfo_2017_de_barrierefrei.pdf
http://www.maanmittauslaitos.fi/en/research/interesting-topics/digital-elevation-model
http://www.maanmittauslaitos.fi/en/research/interesting-topics/digital-elevation-model
http://www.codgik.gov.pl/index.php/zasob/numeryczne-dane-wysokosciowe.html
http://www.codgik.gov.pl/index.php/zasob/numeryczne-dane-wysokosciowe.html
http://lfgm.fsv.cvut.cz/data/RIV/j%C3%A1chymovsko.pdf
http://gis.vsb.cz/GIS_Ostrava/GIS_Ova_2014/sbornik/papers/gis2014526faa8a434ef.pdf
http://gis.vsb.cz/GIS_Ostrava/GIS_Ova_2014/sbornik/papers/gis2014526faa8a434ef.pdf
http://geoportal.cuzk.cz/Dokumenty/TECHNICKA_ZPRAVA_DMR_5G.pdf
http://dx.doi.org/10.1016/j.geomorph.2016.09.037
http://dx.doi.org/10.5194/isprsannals-III-5-105-2016
http://dx.doi.org/10.1016/j.isprsjprs.2008.09.007
http://dx.doi.org/10.5194/isprsannals-II-3-W5-113-2015
http://dx.doi.org/10.1038/srep28277
http://www.ncbi.nlm.nih.gov/pubmed/27329078
http://dx.doi.org/10.1016/j.isprsjprs.2015.10.004

ISPRS Int. ]. Geo-Inf. 2018, 7, 142 19 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hofle, B.; Rutzinger, M. Topographic airborne LiDAR in geomorphology: A technological perspective.
Z. Geomorphol. 2011, 55, 1-29. [CrossRef]

Mikita, T.; Cibulka, M.; Janata, P. Hodnoceni pf¥esnosti digitalnich modelii reliéfu CR 4. a5. generace vV
lesnich porostech. Geodeticky a Kartograficky Obzor 2013, 59, 76-85.

Sima, J. Ptispévek k rozboru ptesnosti digitdlnich modelii reliéfu odvozenych z dat leteckého laserového
skenovani celého tizemi CR. Geodetickyj a Kartografickyj Obzor 2011, 57, 101-106.

Fiala, R. Robustni Postupy Hodnoceni Kvality Digitalnich Modelii Reliéfu. Ph.D. Thesis, Zapadoceska
univerzita v Plzni, Pilsen, Czech Republic, 2011.

Palecek, V. Moznosti Vyuziti Dat Laserového Skenovani k Aktualizaci Tvarii Georeliéfu. Master’s Thesis,
Masarykova Univerzita, Brno, Czech Republic, 2015.

Sithole, G.; Vosselman, G. Experimental comparison of filter algorithms for bare-Earth extraction from
airborne laser scanning point clouds. ISPRS |. Photogramm. Remote Sens. 2004, 59, 85-101. [CrossRef]
Rutzinger, M.; Hofle, B.; Vetter, M.; Pfeifer, N. Chapter Eighteen—Digital Terrain Models from Airborne Laser
Scanning for the Automatic Extraction of Natural and Anthropogenic Linear Structures. In Developments in
Earth Surface Processes; Elsevier: Amsterdam, The Netherlands, 2011; pp. 475-488, ISBN 9780444534460.
Armesto, J.; Ordéfiez, C.; Alejano, L.; Arias, P. Terrestrial laser scanning used to determine the geometry of
a granite boulder for stability analysis purposes. Geomorphology 2009, 106, 271-277. [CrossRef]

Wang, M.; Liu, K.; Yang, G.; Xie, ]J. Three-dimensional slope stability analysis using laser scanning and
numerical simulation. Geomat. Nat. Hazards Risk 2007, 8, 997-1011. [CrossRef]

Lague, D.; Brodu, N.; Leroux, J. Accurate 3D comparison of complex topography with terrestrial laser
scanner: Application to the Rangitikei canyon (N-Z). ISPRS |. Photogramm. Remote Sens. 2013, 82, 10-26.
[CrossRef]

Pressova, J.; Krejcova, J. Katalog Objektii ZABAGED®. Available online: http:/ /geoportal.cuzk.cz/
Dokumenty /KATALOG_OBJEKTU_ZABAGED_2016.pdf (accessed on 10 August 2017).

Jedli¢ka, K.; Sladek, J.; éilhavy, J. Semiautomatic construction of isobase surfaces: A case study from the
central Western Carpathians. Comput. Geosci. 2015, 78, 73-80. [CrossRef]

Bajer, A.; Hlavag, V.; Kirchner, K. Za Skalnimi Utvary CHKO Zd’drské Vrchy; Mendelova univerzita v Brné:
Brno, Czech Republic, 2014; p. 90, ISBN 978-80-7375-959-9.

Reutebuch, S.E.; McGaughey, R.J.; Andersen, H.E.; Carson, W.W. Accuracy of a high-resolution lidar terrain
model under a conifer forest canopy. Can. J. Remote Sens. 2003, 29, 527-535. [CrossRef]

Kraus, K.; Pfeifer, N. Determination of terrain models in wooded areas with airborne laser scanner data.
ISPRS ]. Photogramm. Remote Sens. 1998, 53, 193—203. [CrossRef]

Migon, P.; Kasprzak, M.; Traczyk, A. How high-resolution DEM based on airborne LiDAR helped to
reinterpret landforms: Examples from the Sudetes, SW Poland. Landf. Anal. 2013, 22, 89-101. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1127/0372-8854/2011/0055S2-0043
http://dx.doi.org/10.1016/j.isprsjprs.2004.05.004
http://dx.doi.org/10.1016/j.geomorph.2008.11.005
http://dx.doi.org/10.1080/19475705.2017.1290696
http://dx.doi.org/10.1016/j.isprsjprs.2013.04.009
http://geoportal.cuzk.cz/Dokumenty/KATALOG_OBJEKTU_ZABAGED_2016.pdf
http://geoportal.cuzk.cz/Dokumenty/KATALOG_OBJEKTU_ZABAGED_2016.pdf
http://dx.doi.org/10.1016/j.cageo.2015.02.012
http://dx.doi.org/10.5589/m03-022
http://dx.doi.org/10.1016/S0924-2716(98)00009-4
http://dx.doi.org/10.12657/landfana.022.007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical and Methodological Background of Laser-Scanning Spatial Data 
	Methods 
	Empirical Elaboration of the Field Campaign 
	Evaluation of DMR 5G Quality at the Selected Location in Žd’árské Vrchy 
	Evaluation of DMR 5G Quality on the Selected Rock Formation 

	Evaluation of Results 
	Results of DMR 5G Quality Evaluation for the Selected Location 
	Results of the DMR 5G Quality Assessment at Selected Rock Formation 

	Discussion 
	Conclusions 
	References

