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Abstract: Terrestrial laser scanning has become an important surveying technique in many fields
such as natural hazard assessment. To analyse earth surface processes, it is useful to generate
a digital terrain model originated from laser scan point cloud data. To determine the terrain
surface as precisely as possible, it is often necessary to filter out points that do not represent the
terrain surface. Examples are vegetation, vehicles, and animals. In mountainous terrain with a
small-structured topography, filtering is very difficult. Here, automatic filtering solutions usually
designed for airborne laser scan data often lead to unsatisfactory results. In this work, we further
develop an existing approach for automated filtering of terrestrial laser scan data, which is based
on the assumption that no other surface point can be located in the area above a direct line of
sight between scanner and another measured point. By taking into account several environmental
variables and a repetitive calculation method, the modified method leads to significantly better results.
The root-mean-square-error (RSME) for the same test measurement area could be reduced from
5.284 to 1.610. In addition, a new approach for filtering and interpolation of terrestrial laser scanning
data is presented using a grid with horizontal and vertical angular data and the measurement length.
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1. Introduction

For the generation of a digital terrain model (DTM), it is necessary to identify the terrain points
on the bare earth surface. Thus, all non-terrain-points such as vegetation, buildings and other
constructions above the ground must be removed, which is referred to as filtering in this context [1].

There are different approaches for filtering laser scanning data. Some examples of basic algorithms,
which have been modified in many ways, are mathematical morphology [2,3], interpolation-based [4],
and triangulated irregular network (TIN)-densification. By using geometrical values such as distances
and angles as filter criteria [5], algorithms progressively densify the digital terrain model (DTM) to
approximate the bare earth [6,7].

These common ground modelling methods have been manly developed for airborne laser
scanning (ALS) data and are not optimally suited for ground level determination from terrestrial
laser scanning (TLS) data.

The intrinsic point cloud densities, scanning distances, the distribution of noise points and the
backscattering geometry of TLS data vary significantly when compared to ALS data. As a terrestrial
laser scanner is located within the target area, complete occlusion to some viewing directions is highly
probable. The spatial distribution of TLS points are heavily concentrated around the immediate
vicinity of the scanner, resulting in excessively high point cloud densities near the scanner that become
detrimental for the point cloud processing [8].
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Further, many ground filtering techniques are limited in application within challenging
topography and experience difficulty coping with some objects such as short vegetation, steep slopes,
and so forth. Lastly, due to the large size of point cloud data, operations such as data traversing,
multiple iterations, and neighbour searching significantly affect the computation efficiency [9].

Some methods have been developed especial for TLS data to segment into ground and
non-ground points.

Brodu and Lague [10] present a supervised classification method using multi-scale dimensionality
analysis based on the geometric characteristics of the scene. Combining this information from different
scales can build signatures of the scene at each point. This signature can then be used to discriminate
vegetation from soil for example.

Pirotti et al. [11] use the information of a multireturn TLS for vegetation mapping. First,
the thresholds of the return number and the normalized amplitude of intensity are set to determine
possible ground points. Subsequently, a progressive morphological filter is adopted for generating
a DTM and digital surface model (DSM) where the maximum and minimum Z values are used as
criteria to apply a dilation and erosion operator.

Lau et al. [12] separate ground and non-ground of TLS data by using the RGB value.
Liang et al. [13] developed a scan line continuousness segmentation well suited for trunk

detection. The approach is based on the continuity property of the object surface, planar distance and
segmentation in horizontal and vertical directions. The one-dimensional segmentations were first
performed independently and then combined to groups with similar distances to the scanner.

Che and Olsen [9] present a fast ground filtering method for TLS data via a Scanline Density
Analysis. The process first separates the ground candidates, density features, and unidentified points
based on an analysis of point density within each scanline. Then, a region growth using the scan
pattern is performed to cluster the ground candidates and further refine the ground points (clusters).

The method of Panholzer and Prokop [14] and Puttonen et al. [8] uses a priori information of the
TLS configurations and scanner-centred coordinates to determine the ground level. Integrating these
coordinates in the filtering process is an important additional filter parameter.

Some of these methods need additional data that are not always available or are made for a
special purpose such as tree location mapping. The method presented here is intended to show a
way—including new filter information—of distinguishing soil from non-soil points only with basic
data (point cloud and coordinates of laser scanner).

2. Materials and Methods

2.1. Preconditions for Filtering Terrestrial Laser Scanning Data

The great difficulty of filtering earth surface point cloud data is that each point is related to
some extent to any other point. In the case of Kriging [15], an attempt is made to take this fact into
consideration as far as possible. As soon as a point is removed, it changes the estimated surface model
for the points in the closer neighbourhood. The model has to be recalculated under the new, changed
conditions. Particularly in the case of non-unambiguous recording areas, a step-by-step elimination
of points results in a surface which is plausible for the human observer with certain probability.
The process of point cloud filtering must therefore almost necessarily be an iterative process.

The human being can derive when manually filtering point cloud data a certain probability
with regard to the correct surface from height values, the distribution, the structure, etc. It is, e.g.,
very unlikely that there is an abrupt change in the surface. However, in the case of TLS, more than in
the case of ALS, it must be taken into account that objects are usually recorded only from one side,
resulting in sharp edges as well as larger areas without recorded points (shadows) behind these objects.

The more a point deviates from the surrounding points (e.g., in height), the more likely it is not a
ground point. It is difficult to classify these points with a few and unequally distributed neighbouring
points. In these areas, the filter process can be at best a rough estimate.
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In this extended approach of the HOVE-Wedge-filtering, an attempt was made to simulate the
human perceived probability estimates in the form of algorithms by the help of a computer model
which is as universally applicable as possible.

2.2. Wedge Iterative (Modified Model)

The work presented is based upon “Wedge-filtering of geomorphologic terrestrial laser scan
data” [14], where the general procedure of the Wedge Absolute method is described. In the following,
we explain our modifications that led to the Iterative Method while the basic principle of Wedge
Absolute is briefly reproduced for understanding.

In a static terrestrial laser scan, all measured points must be visible from the laser source of the
scanner. Figure 1A shows a point cloud of terrain from the view of the laser scanner. Connecting each
point with the laser source creates a line between the two (blue line in Figure 1B), given that there
were no obstacles along these lines. In the case two connecting lines have the same horizontal angle,
the connecting line with the larger vertical angle and smaller measuring distance compared to the
connecting line with the smaller vertical angle and greater measuring distance cannot lead to a ground
point. Consequently, a point cannot be a ground point if there is a more distant point with a smaller
vertical angle in the same direction.
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Of course, it is rare that two connection lines have exactly the same direction. Thus, you need to
define a threshold. The basic idea is that, for each point, two adjacent points are searched, which are
further from the recording point than the point to be checked. The angle is calculated between the
connecting line from the recording centre to the recording point and the connecting lines to the adjacent
points. The angles are calculated using Equation (1):

αli,re = tan−1
(

∆vert

abs (∆horz)

)
(1)

where αli,re is the left or right wedge angle; ∆vert is the difference of the vertical angle; and ∆horz is the
difference of the horizontal angle.

For the Wedge Absolute method, if the angular values are greater than a previously defined
threshold value, the corresponding recording point is recognized as a non-ground point and will be
erased (Equation (2)).

αli ∩ αre > λTLV (2)

where αli,re is the left or right wedge angle; and λTLV is the threshold limit value.
Because the section for the two angle thresholds looks like a wedge (Figure 1A, blue dashed),

we called it the wedge-method. As mentioned in our previous work [14], this filtering method is
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not a stand-alone solution for calculating a digital terrain model because it has some weaknesses.
The Wedge Absolute method on its own provides satisfactory filtering results only for terrain, without
steep inclines.

In contrast to the absolute method in the iterative method, the angle difference to the two adjacent
points is calculated for all points. This angle difference is compared with a predefined threshold
value. Therefore, an angle difference of 180◦ means that the point lies precisely in a plane with the two
adjacent points. A value greater than 180◦ indicates that the point is not likely to be deleted. A very
small value (acute angle) again indicates a vegetation point. The method to find the two adjacent
points is explained in Section 2.3.3. If the angle difference is less than a certain threshold, the point will
be erased (Equation (3)):

θdiff < λTLV (3)

where θdiff is the difference of left (from right adjacent point) and right (from left adjacent point) wedge
angle; and λTLV is the threshold limit value.

2.3. Theory of Filtering over Vertical Horizontal (HOVE) Angular Grid

The method of HOVE grid offers a wide range of possibilities for effective point filtering. Normally,
in the case of surface computation, the points are plotted in an X, Y coordinate field. Interpolation then
takes place with the inclusion of the Z-coordinate (height). Since the point cloud of terrestrial laser
scanners results in a very irregular X, Y coordinate distribution, large areas have to be interpolated or
estimated during the generation of height-grid.

A terrestrial laser scanner measures the terrain with a constant angle step in a strip-like manner.
If instead of the X coordinate, we use the horizontal angle (φ) values and instead of the Y coordinate,
use the vertical angle (θ) values, an almost perfect, gap-free raster is normally obtained (Figure 1A).
This approach is very similar to the method described by Liang et al. [13]. An interpolation involving
the recording length has several advantages:

• The output grid contains no gaps.
• It is easier to find terrain structures (e.g., terrain edges).
• Quick recalculation of adjacent points is easily computable.
• 3D filtering is possible.

All information on the search area of the adjacent points can be made in the form of grid
spacing, which is normally constant. The grid spacing corresponds to the angle step (θ and φ)
of the laser scanner.

The HOVE grid has been used in the following ways.

2.3.1. Horizontal and Vertical Angles within the HOVE Grid

Figure 1A shows a horizontal–vertical angles (HOVE) gird, while Figure 2 represents a small
sector of such a grid. Within the point grid, the closest points above and below as well as to the
left and right of the point to be examined are determined (Figure 2, blue points). For this purpose,
the corresponding search area must be defined. Within these search areas, the point with the smallest
angular distance to the point to be examined is searched. Subsequently the angle from the examined
point to the adjacent points is calculated using Equation (4):

αwi = tan−1


(

Lpuex − Lpuad

)
× 2

sin
(

βpuex − βpuad

)
×
(

Lpuex + Lpuad

)
 (4)

where αwi is the angle from examined point to adjacent point; Lpuex is the length from laser scanner to
examined point; Lpuad is the length from laser scanner to adjacent point; and βpuex is the angle from
laser scanner to examined point; βpuad: angle from laser scanner to adjacent point.



Appl. Sci. 2018, 8, 263 5 of 15

In addition to the closest points, the points with the lowest αwi below the point to be examined
are determined (Figure 1, green points).Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 15 
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Figure 2. Horizontal-vertical (HOVE) grid and search area for horizontal and vertical angles.

From the angles found, the respective angle difference can be calculated. If no angle could be
calculated for one side due to lack of points, the average of the negative angles of the next and after
next point on the opposite side was taken for this side. If no closed point angle could be determined fir
both sides, the difference of points with the lowest αwi will be used for calculation.

With the help of these angle differences, the following statements on the terrain model can
be made.

Find Distance Measurement Errors

The dataset used includes some points that are obviously measurement errors. Even points which
have a remarkably large length must be removed before the ending filtering. These points would
otherwise be responsible for removing a lot of correct ground points. To identify these points, in a
specific search range for each point, the horizontal as well as vertical back angle-difference to its
neighbouring points is calculated. The left side of Figure 3 shows a schematic representation of the
terrain cross-section, where the grey lines correspond with the vertical angles—to the adjacent points
above and below the point to analyse—in Figure 2. The right side should give you an idea how these
points could be situated in a cross-section of a measured point cloud.
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If this angle difference is greater than a previously defined threshold value, this point is
prematurely removed as a measurement error point from the further calculation (Equation (5)):
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θdive ∩ θdiho > λTLV (5)

where θdive is the difference of the vertical back-angles; θdiho is the difference of the horizontal
back-angles; and λTLV is the threshold limit value.

Reduction to a 2.5-Dimensional Terrain

In this step, all points above a connecting line from other points below are removed from a
three-dimensional point cloud (Figure 4). From the remaining points, a 2.5-dimensional terrain can be
expected. These points would also be eliminated by Wedge Filtering. Since the filtering is only done
iteratively via the wedge angle, the reduction with HOVE grid is more effective.
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Figure 4. 2.5D reduction with max. angle below threshold line.

As described in Section 2.3.1, beneath the angles to the adjacent points the angle to the point with
the lowest α is also calculated. If you take a small cross-section such as the red area in Figure 1A,
points with a higher θ and shorter length (Figure 1B) are with high probability vegetation points.
The lowest αwi of such points is less zero. If the angle to the point below with the lowest αwi is less
zero, the examined point will be eliminated:

αwi vert below > λTLV (6)

where αwi vert below is the angle from examined point to adjacent point below; and λTLV is the threshold
limit value.

Eliminate Vegetation Points

The expected angular difference in flat terrain or a constant steepness is 180◦; the smaller this
difference angle, the more the relevant point protrudes from its adjacent points. With the decrease in
the angle difference, the likelihood of a vegetation point increases correspondingly (Figure 5).
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2.3.2. Determination of the Point Density

The output data form a homogenously distributed grid. Due to the repeated filtering, larger holes
are normally occurring in some areas and the initial structure is retained in other areas. Where,
after repeated filtering, the initial structure is retained, this indicates a continuous terrain surface
without much vegetation. These points should be maintained in the further filtering process.
Areas which have large gaps in the grid after some filter repeats, however, indicate that the area
is generally flatter and has vegetation. A precise distinction between ground and non-ground point
is virtually impossible without precise knowledge of the terrain. An automated algorithm can only
calculate with probabilities. The probability of a ground point in areas with low grid point density
after few iterative filtering is significantly lower than in areas were high grid point density retained.
It therefore makes sense to gradually reduce the threshold value of the Wedge Filtering in these areas
depending on the grid point density. A HOVE raster is ideal for determining the point density.

Particularly important is this additional information for small objects, such as hills or edges
protruding from the surrounding surface. Such terrain elements are a problem with all filter methods.
A remaining high point density after iterative filtering within a certain angular segment and therefore
many similar neighbouring points indicates a natural surface even with sharp edges.

Rodriguez-Caballero et al. [16] propose a method to filter terrestrial laser scanner point clouds
using morphological filters and spectral information to conserve surface micro-topography.

2.3.3. Finding the Adjacent Points for Iterative Wedge Filtering

The key point and the great difficulty of wedge filtering are finding the most meaningful
neighbours for each point. Within a particular search area of the HOVE grid, all points are determinate
which are behind the point to be examined. Therefore, all points with a smaller distance to the
recording centre are excluded. Among the remaining points, the right and left sides are searched for
the point (Figure 6) which has the lowest value according to the Equation (7):

minli,re = ∆vert + (1 + Abs (∆horz))
f akt + diwi×∆ len (7)

minli,re is the minimum value; ∆vert is the difference of the vertical angle (from laser scanner); ∆horz is
the difference of the horizontal angle (from laser scanner); fakt is the factor for ∆horz; diwi is the average
HOVE raster resolution; and ∆len is the difference of length (from laser scanner).

If in the HOVE grid the adjacent point is above the point to be examined (positive vertical
difference), the formula value increases. If the neighbouring point lies below the point to be examined
(negative vertical difference), the formula value decreases. By the factor, the influence ratio of the
horizontal and vertical difference can be weighted. The distance to the point behind is also taken into
account by the length difference, whereby the multiplication with the average raster resolution ensures
the size adaption to the angle differences.
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3. Results

3.1. Description of the Test Area

The test area is located in the hamlet Lueg near the village of Gries am Brenner in Tyrol, Austria.
We took measurements of the south-facing slopes of the Padauner Kogel. Below this mountain slope
runs the railway track of the Brennerbahn, which is today a part of one of the most important railway
connections between Germany and Italy. It connects Munich via Innsbruck with Verona on the shortest
route. This section of the track is strongly endangered by rockfall and is protected by numerous
protective structures. Due to their rapid evolution, high velocity and impact energy and proximity
to infrastructure, mass movements can pose a significant natural hazard. Such mass movements
of different types have been surveyed extensively by terrestrial laser scanning in the past [17–19].
According to Abellan et al. [20], the key insights into the use of terrestrial laser scanning (TLS) in
rock slope investigations include: (a) the capability of remotely obtaining the orientation of slope
discontinuities, which constitutes a great step forward in rock mechanics; and (b) the possibility to
monitor rock slopes which allows not only the accurate quantification of rockfall rates across wide
areas but also the spatio-temporal modelling of rock slope deformation with an unprecedented level
of detail. The purpose of this laser scanning is to be able to carry out an improved risk analysis for this
area by means of a very detailed surface model.

In addition to the automated filtering, we manually categorized points into ground and
non-ground points. The manually filtered results are therefore suitable for comparison with results
from automated filtering methods.

The surveyed slope is approximately 1 km long and has a height difference between valley and
mountain tops of approximately 450 m. Most of the area has vegetation, manly the steep parts are rock
without vegetation with slope up to 70◦. Because of the diverse terrain, automated filtering of laser
scanning data is difficult.

Figure 7 shows an inclination map [21] of the test site. Flat areas have brighter colours as mostly
barren slopes with more than 60◦ inclination. Two significant, large rock formations are on the upper
side and at the left below.
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3.2. DEM Calculation of the Test Areas Using the Modified Wedge Filtering Method

For the calculation of the new filter method, the VB.NET program mentioned in the article
“Wedge-Filtering of Geomorphologic Terrestrial Laser Scan Data” [14] was further developed.

Figure 8a shows a screenshot of the VB.Net program, in which a small section of the test area
view is seen from the side (blue arrow in Figure 7). The vegetation points are still in green colour.
In Figure 8b, these vegetation points are no longer shown for the same section. The points, which are
shown in brown colour, remain, which were classified as soil points in the filter process and give a
homogeneous surface structure.
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Steps of Calculation

• Calculate the horizontal and vertical angles as well as the length distances from the recording
centre to every single point.

• Determine the average raster spacing of the horizontal–vertical angle grid.
• Eliminate measuring errors, as described in Section 2.3.1, Point (a). An angle of 179◦ was chosen

as the threshold value.
• Reduce to 2.5D, as described in Section 2.3.1, Point (b). With this step, approximately 40% of the

points are eliminated from the further calculation.
• Perform HOVE-Wedge Filtering as described in Section 2.3. This process is carried out iteratively,

until no further point is eliminated. The wedge angles (see Section 2.3.3), horizontal and vertical
angles of the HOVE-grid (see Section 2.3.1) and point density (points within a certain angular
segment, see Section 2.3.2) have influence in Equation (8):(

(θwedge − 180)× F + (θvert − 180)× F + (θhori − 180)× F) ×−density > λTLV

→ classi f ication as non− ground point
(8)

where θwedge is the difference of wedge angle; θvert is the difference of vertical angle from
HOVE-Raster; θhori is the difference of horizontal angle from HOVE-Raster; F is the weight factors;
λTLV is the threshold limit value; and density is the value of point-density from HOVE-Raster.

As threshold limit value, we used 200. With the factors, it would be possible to weight the
difference. In the calculation, all factors were set to one.
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3.3. Calculation and Accuracy of Digital Elevation Model (DEM)

To obtain a digital elevation model (DEM), we interpolate the calculated ground points using
ArcGIS by ESRI Inc. (380 New York Street, Redlands, CA 92373, USA). According to ESRI [22],
the Natural Neighbour method is also well suited for distributed point clusters, for example from
terrestrial laser scan recordings.

The equation for the Natural Neighbour (NN) interpolation is:

G(x, y) =
n

∑
i=1

wi f (xi, yi) (9)

where G(x,y) is the NN estimation at (x,y); n is the number of nearest neighbours used for interpolation;
f(xi,yi) is the observed value at (xi,yi); and wi is the weight associated with f (xi,yi).

Based on the computed results, we calculated a digital elevation model (DEM) with a cell size of
one meter. For the evaluation of the results, we used a DEM of the test areas, where the non-ground
points had been filtered out manually by optical valuation before. We calculated the difference between
the automated filtered DEM and the manually filtered DEM.

In addition to the results of the new filter approach we described, we compared DEMs of the test
areas with the results of the automated filter methods described by Prokop and Panholzer [14].

To evaluate the accuracy to the reference DEMs, we calculated the mean error and the
root-mean-square-error (RMSE). According to the ASPRS (American Society for Photogrammetry and
Remote Sensing) Guidelines [23] and Gianinetto and Fassi [24], the RMSE is often used to assess the
accuracy of elevation data and is defined as (10):

RMSE =

√
∑n

i=1(∆Zi)
2

n
(10)

where ∆Zi are the elevation residuals (i.e., the differences of the elevation measures with respect to
reference data); n is the number of measures.

Höhle et al. [25,26] further recommend using the median, the normalized median absolute
(NMAD), the standard deviation, the 68.3% quantile and the 95% quantile of absolute residuals for
accuracy assessment of DEMs.

3.4. Results of the Test Area

Figure 9 shows the individual differences between the newly calculated DEMs and the manually
filtered DEM (DoD = Differences of DEMs). The areas with warm colour indicate a good match
between the DEMs. The red areas indicate where the newly calculated DEMs are above the reference
model, resulting from an insufficient filter effect. Blue areas indicate where the newly calculated DEM
is lower than the reference model due to faulty filtered ground points.

After the manual filtering of the point data, only a few points remained in the centre of the test area.
Due to the lack of ground points, the significance of the filter effect in this area is low. Consequently,
the statistical values are distorted for the entire recording area. Therefore, we have selected a specific
area with a high point density for further analysis. In this area, the statistical inaccuracies are largely
avoided and thus more significant results are achieved.

As a result of the HOVE-wedge-filtering, we identified 23,135 ground points and
55,634 non-ground points. The mean error of the two surfaces is −0.07 m with a RMSE of 1.610 and a
standard deviation of 1.609 (Table 1).

Especially in the forested areas near the laser scanner, an area with high point density, we see a
better filter effect, as indicated by the larger warm coloured zones in Figure 9. In the more distant
forested areas, the filtering effect is reduced, recognizable by the large red areas in the centre of Figure 9.
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In this area, only the highest tops of the trees could be recorded, since it is unlikely that the laser beam
penetrates to the ground of such forested areas. Therefore, effective filtering is difficult.Appl. Sci. 2018, 8, x FOR PEER REVIEW  11 of 15 
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Table 1. Statistical values for the first test area.

Statistic Modified Wedge-Filtering Wedge Absolute-Filtering (60◦) IDWMO Method

Groundpoints 23,135 29,229 12,326
Mean error −0.070 2.908 1.032

RMSE 1.610 5.284 3.333
Standard deviation 1.609 4.412 3.169

Median −0.138 1.277 0.166
NMAD 1.498 5.085 3.411

68.3% quantile 0.242 3.819 1.258
95% quantile 2.707 11.765 7.718

Looking at the figure, we can see that in the part of the HOVE-wedge there are fewer dark red
areas than in the other two filtering methods. This indicates that vegetation has been filtered out well.

In Figure 10, some areas with great optical significance for quality of the filtering were worked
out. Detail 1 shows a protruding formation sloping to three sides. In such terrain forms, the filtering is
extremely difficult, since high angular differences caused by the terrain edges have influence to the
calculation formula. If the threshold value is set too low, this rock ledge is incorrectly removed during
filtering. The blue points in Detail 1 show the result at a threshold of 160, the yellow points show the
points which are not eliminated with a threshold of 200, the red which are not eliminated at a threshold
of 240. For Detail 2, the results from the calculation with a threshold of 160 (blue points) are compared
with the results from the calculation with a threshold value of 240 (red points). These points are
very difficult to detect as ground points by an automated analysis, since the terrain in this area drops
sharply (high angle difference) and only a few neighbouring points are present (small density factor).
The optical evaluation classification as probable ground points is only possible with the inclusion of

www.tirol.gv.at/tiris
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remote environmental parameters. It is difficult to automate an inclusion of such remote environmental
parameters because the inclusion of wrong (e.g., not yet properly filtered) point regions would affect
the filter result negatively. Hence, the dilemma is, for an optimal filtering of the individual points
one needs already filtered and thus meaningful environmental parameters, which at that time but
not yet exist. A step-by-step approach to the best result seems therefore necessary. Detail 3 marks
a relatively flat, densely wooded section. A very small threshold value would be advantageous as
mentioned above. Due to the extremely small number of points, it is not possible to opt for any terrain
shapes. A distinction in ground points and non-ground points in this area is often only speculation.
An automated analysis with low error probability is thus not possible here.
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Detail of Test Area with a High Point Density

The objective of the following assessment is to understand how the wedge filter works under
more homogeneous conditions. Therefore, we calculated statistical values for a sample of the first test
area (Figure 9, yellow rectangles). The resulting statistical values are summarized in Table 2.

Table 2. Statistical values for the detail area.

Statistic Modified Wedge-Filtering Wedge Absolut-Filtering (60◦) IDWMO Method

Groundpoints 2703 3014 1346
Mean error −0.142 1.296 0.361

RMSE 0.555 1.855 1.366
Standard deviation 0.536 1.537 1.366

Median −0.061 0.456 −0.054
NMAD 0.510 1.529 1.057

68.3% quantile 0.053 0.828 0.125
95% quantile 0.509 4.390 1.876

When looking at the statistical evaluation, it can be seen that the extent of the qualitative
improvement of the results with the HOVE-Wedge method in the area with a high point density
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is even a little bit higher than in the results of the overall recording. Thus, the standard deviation
from 1.537 (Wedge Absolute) or 1.366 (IDWMO) could be reduced to 0.536, which corresponds to an
improvement of 186 (Wedge Absolute) or 155 (IDWMO) percent. The percentage improvement of the
standard deviation over the entire test area is only 174 percent versus the absolute wedge method and
97 percent versus the IDWMO method.

4. Discussion

The fact that the improvement of the detail area is better than over the entire test area is explained
by the fact that the iterative calculation in combination with sufficient environmental information by
close neighbouring points can lead to good prediction about the probability of the point status. In areas
with few or no neighbouring points and thus poor environmental information, no good predictions
can be made. Therefore, many non-ground points are not recognized as such.

The inclusion of the HOVE grid allows additional, valuable conclusions about the real terrain.
As mentioned, this approach is very similar to the method described by Liang et al. [13] where the
point cloud data were also plotted with the horizontal angle (θ) values and the vertical angle (φ) values.
In difference to the HOVE method, where filtering is done with the angles to the adjacent points,
the filtering of the tree trunks bases on the principles of scan line segmentation [27]. The method of
scan line segmentation is suitable to find planar objects, but it is difficult to segment uneven surfaces
with few points left.

The HOVE method alone can also be used for three-dimensional filtering. While, in the HOVE
grid, the angular deviation is calculated from the measuring lengths, the angle calculation in the
Wedge method is done using the height value or the Z-coordinates. Since the lengths of the TLS
are usually measured from the side, the combination of these two methods provides information
from two sides. This leads to more meaningful results. A more accurate analysis of adjacent grid
point data to each other in the form of interpolation would be a next step toward increasing accuracy.
However, interpolation is not easy in this case. Because of the irregular distribution of the points,
a non-directional method (e.g., IDW) is not useful. The spline method would probably be a suitable
interpolation method.

Because terrestrial laser scans are usually taken from the side, a HOVE-grid window can contain
points of two different terrain formations (e.g., small hill before large mountain). The points of the
frontal formation may not be included in the interpolation of the formation behind. A preliminary
separation of the points of the respective formation via the recording lengths or automated edge
detection is therefore necessary before an interpolation can be made.

A further improvement could be achieved by the combination of point clouds measured from
different recording directions. A small change of the recording centre could already lead to a large
information gain.

In any case, there is still potential for further development with the HOVE-Wedge method.

5. Conclusions

We have developed a new filtering method for terrestrial laser scanning data. The assumption
of the direct line of sight between laser scanner and recorded point and the filtering over the angles
to the adjacent points in a Vertical–Horizontal (HOVE) Angular Grid are important additional filter
parameters not yet used in other filtering methods. Using these filtering methods, many points can
already—with high probability—be classified as non-ground points. The resultant DEM creation could
be significantly improved because our new filter was able to classify non-ground points even in areas
with few neighbour points and therefore little information of the terrain. We suggest that applications
of terrestrial laser scanning data in the field of geomorphology consider using our filter for removing
non-ground points.
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