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ABSTRACT

Generation of Digital Terrain Models (DTMs) in wide areas constitutes considerable
challenges for base mapping. For DTM generation nonground cells have to be
eliminated from Digital Surface Models (DSMs) through filtering processing of the
DSMs. Different filtering approaches have been developped for surface smoothing and
attenuation of the DSM high frequencies including the DTM slope-based filter. This
research aimed at assessment of the efficiency of the DTM slope-based filter in stripping
off nonground objects from digital aerial imagery DSMs in rural landscapes. The test
site located at the west bank of a river at Vaihingen, Germany has a variety of rural
landscape features where a DSM of 0.09-meter resolution extracted from digital aerial
imagery stereo pairs has been employed in the study. Bare earth models and removed
object layers created from filtering the DSM as well as closed gap bare earth models
have been qualitatively and quantitively analyzed along with accuracy estimation of
the closed gap models. The analysis showed nodata gaps at the positions of the removed
cells that increase in sizes with the increases in the filter radius. Also, the standard
deviation of the bare model decreased by 12% with filter radius of 37 grid cells.
However, with filter radius of 25 cells, the standard deviation of the elevation residuals
increased by 1.53% while with filter radius of 29 cells that standard deviation increased
by 13.62%. This indicates rapid deterioration in the accuracy the bare earth models
created with filter radius greater than 25 grid cells.

KEYWORDS: Digital aerial imagery, DTM/DSM, Image matching, DTM slope-based
filter, Roughness layers.
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OBJECTS FROM DIGITAL AERIAL IMAGERY DSM IN RURAL LANDSCAPES
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1. INTRODUCTION

A Digital Terrain Model (DTM) is a continuous surface depicts elevation values as
the third dimension along with horizontal coordinates; northings and eastings in a
rectangular cartesian coordinate system to determine the topography of the surface [1]. In
other words, and due to the U.S. Geological Survey DTM is a cartographic representation
of the land elevations at regularly spaced intervals in the x and y directions with the use
of z-values referenced to a determined vertical datum. Therefore, a DTM represents the
ground surface as bare earth [2]. In addition to elevations, the DTM contains other
elements describing the topographic of the earth’s surface such as the slope, the aspect,
the curvature, the gradient, and others. Thus, for creation of a DTM from any discrete
digital elevation datasets such datasets have to be taken on the ground surface and
represent terrain elevations only [3, 4]. However, some digital elevation datasets including
elevations of the surfaces of features such as trees, buildings, bridges, ...etc., might be used
in creation of what is known as the Digital Surface Models (DSMs) where, a DSM is a
continuous surface that depicts the elevations of the surfaces that are visible from the
sensor, such as building tops, treetops, or unconcluded bare ground [5]. In this context, it
is of immense importance to note here that filtering a DSM with specific filters of well-
designed algorithms for separation of ground elevation areas from non-ground elevation
features would result in a reliable DTM that can be employed in the analysis of different
environmental and engineering aspects [6].

DSM has been a standard product from different aerial photography processing.
The great developments in computing and electronics have had their effects on the aerial
photography discipline leading to replacement of the former analogue and analytical
photogrammetry with modern digital photogrammetry techniques and processing [7, 8].
In modern digital photogrammetry digital aerial cameras can capture aerial imagery with
Ground Sampling Distance (GSD) that can be as small as a few centimeters. Additionally,
the radiometric resolution given by modern digital aerial cameras is very high compared
to what used to be provided by analogue aerial cameras. Identifying and measuring
conjugate points in overlapped photographs is a fundamental photogrammetric
operation. This operation is handled manually in analogue and analytical
photogrammetry. Alternatively, in digital photogrammetry, image-matching techniques
provide an automatic solution for such operations [9, 10]. Thus, the availability of high-

quality digital images along with modern digital photogrammetry workstations has
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provided means for automation of the different aspects of the photogrammetric problem
including automation of DSM extraction and orthoimage generation [11, 12]. The
automation procedures in digital photogrammetry for creation of DSMs depends on
processing of digital image stereo pairs with the use of the digital image matching
techniques also, known as image correlation. A digital image matching technique is
mainly based on finding the conjugate pixel locations in two or more stereo pairs based
on their geometric and radiometric characteristics [11, 13]. Thus, digital image matching
processing of digital image stereo pairs gives 3D point cloud that can be subjected to an
interpolation algorithm for creation of DSM [5, 14]. Different methods of image matching
including area-based matching, feature based matching and relation or symbolic
matching, can be distinguished [6, 15].

Creation of a reliable DTM constitutes a considerable challenge for base mapping
especially in wide-area coverages since application of digital image matching techniques
on digital image stereo pairs leads to extraction of DSMs with all man-made feature
surface are represented in the DSM and missing of ground elevations in those areas [11,
16]. For removal of non-ground points from the aerial imagery DSM, the DSM has to be
subjected for an efficient filtering processing to get a reliable DTM [1, 17]. Rokhmana, and
Sastra, 2020 carried out research aimed at employment of an appropriate procedure
method in Open-Source (OS) software for extraction of bare-earth model known as the
DTM through filtering of available DSMs. They used SAGA-GIS open-source software for
filtering a DSM generated from a Worldview-3 stereo ready images with the use of digital
image matching techniques. Then, they carried out evaluation of quality of generated
DTM from filtering operation of the DSM by visual interpretation through comparison
with Worldview-3 orthoimage created with use of the same DSM. They recommended
that good filtering operation can successfully strip off non-ground points from the DSM
that can lead to creation of a high resolution DTM [1].

Krauf3 et al., 2011 state that application of DTM generation methods should restore
the original ground model as accurate as possible where if the extracted DTM and
stripped off man-made object are summed together this should lead to reconstruction of
the original DSM. Since a DSM maps the surface of different objects on the ground
however, a DTM maps the ground information only, a DTM can be extracted from a DSM
through identifying and stripping off all man-made objects with filling these areas of the
removed objects [17]. Different developed methods for DSM filtering use the
characteristics of the objects to be stripped off the DSM [17]. Ozcan et al., 2018 state that
DTM generation from remote sensing data enjoys wide applications motivated by the
increased sensor resolution [18]. They proposed a filtering and segmentation method for
DSM that begins with extracting the DSM feature points to be employed in a probabilistic

framework for extraction of a non-ground object probability map in spatial domain where
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the mode of this map is used as seed points in a segmentation method basing on
morphological processing leading to ground filtering and DTM generation. They tested
that method on a DSM obtained from WorldView-2 stereo image pairs and compared the
results with three different methods. They acknowledged that their proposed method can
be employed for generation of a reliable DTM in addition to having advantages in terms
of robustness in dealing with urban areas of different properties [18].

Arefi et al., 2011 state that an efficient filtering method should be independent of
terrain, outliers or gross errors, interpolation errors as well as the size of the above ground
objects. Different filtering techniques for extraction of DTMs from DSM have been
introduced [19]. Also, Arefi et al., 2011 propose an algorithm for DTM generation from
high resolution CARTOSAT-1 satellite images with the application of two major steps:
The first step is generation of DSM from digital imagery stereo pairs through application
of image registration, performing digital image matching with use of the dense matching
algorithm, then finally performing an appropriate interpolation processing leading into a
regular grid DSM. In the second step they applied a digital image filtering procedure on
the generated DSM for removal of non-ground points and creation of a DTM [19]. Also,
in the second step, they applied a classification for the generated DSM grid cells into
ground and nonground regions with application of an algorithm motivated from gray-
scale image reconstruction to suppress unwanted elevated grid cells. Also, they applied
qualitative and quantitative evaluation on the created DTM through application of
comparative studies on the extracted profiles from the DSM and the DTM. They
acknowledged that their evaluation showed that the vast majority of nonground objects
regardless of their size have been removed with the achievement of appropriate outcomes
in hilly and smooth residential regions [19]. Also, Sterericzak et al., 2016 present a study
that evaluates which combination of filtering and interpolation methods that can give the
best DTM accuracy in very dense forest in mountainous areas in the Sudety mountains of
south-western Poland where they produced about 100 DTMs for each filtering method
and carried out analysis for the most-accurate six DTMs. They acknowledged that slope
in addition to undergrowth vegetation constituted the most important factors that
determine the DTM accuracy in dense mountain forests [2].

As stated before, aerial photogrammetry operation can provide elevation
measurements on the top surface of the landscape including terrain areas, tops of
buildings, tops of trees and other topographic above ground objects. Therefore, to extract
a DTM from a DSM, all elevations do not represent bare ground have to be removed and
all gaps have to be filled with new data or subjected to rigorous interpolation technique
[20]. Hohle, 2010 investigated DTM generation in built-up areas from aerial imagery
systems and presented filtering and classification approaches and carried out practical

tests leading to obtained results of two tests of 16 cm and 17 cm in the standard deviation
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with the use of large format images from 1000 m altitude [20]. Perko et al., 2015 proposes
a filtering approach that focusses on robustness and computational efficiency to filter
DSMs extracted from satellite stereo images for creation of a DTM. Their approach
included integration of multi-directional processing and Slope Dependent (MSD) filtering
to be known as MSD filtering where DTM extraction workflow is fully automatic [21].
They acknowledged that qualitative and quantitative evaluations of the created DTMs in
comparison with high accuracy ground truth Light Detection and Ranging (LiDAR) data
assures effectiveness of that method [21].

This research aims at evaluating the efficiency of the DTM slope-based filter in
stripping off above ground objects from DSMs created from aerial imagery stereo pairs
with the dense matching algorithms for creation of reliable DTMs in rural landscapes.
Also, qualitative and quantitative analysis of the created DTMs constitute the main
objectives of this research. Moreover, analysis of the extracted non-ground feature layers

known as roughness layers is an important study objective.
2. THE DTM SLOPE-BASED FILTER

The slope-based filtering technique is one of the filters that is usually used for
separating nonground points from ground points [19, 22]. In the slope-based filter the
point is classified as ground point if there is no other point in its neighborhood to which
the height difference is greater than a determined threshold. The slope-based filtering
method assumes that the ground slopes are not greater a certain value where the features
of slopes above that threshold are considered as nonground objects that need to be
stripped off the DSM for creation of a DTM. This approach is much more suitable for
gently slopped terrain regions [23]. Therefore, modifications have been carried to get a
modified slope-based filtering basing on varying the threshold value that is determined
by the terrain slopes where the filtering strategy is basing on iterative processing for trend
elimination and linear prediction for stripping off nonground regions from the DSM [19].

The System for Automated Geoscientific Analysis (SAGA) is an open-source
Geographic Information System (GIS) and image processing software that is used in this
study. DTM slope-based filter is one of the many powerful filtering tools that can be run
under SAGA. Wichmann, 2010 states that DTM slope-based filter can be used to filter a
DSM to classify it into a bare earth layer and a removed object layer [24]. The bare earth
layer can be called DTM layer as it contains ground elevation areas with removed non-
ground areas left as gaps in the resulting bare earth model. On the other hand, the
removed object layer contains areas of the features layers and can be known as non-
ground feature layer. DTM slope-based filtering approach is based on a concept that
assumes that a big elevation difference between two adjacent grid cells is unlikely to occur
due to a steep slope in the ground surface [25, 26]. Therefore, the probability of the high
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elevation grid cell being a ground point decreases if the distance between the two grid
cells decreases. Additionally, the filter decides the acceptable height difference between
the two grid cells as a function of the distance between them. Therefore, the grid cell is
considered as ground if there is no grid cell within the search radius of the filter that the
height difference between these grid cells is bigger than the allowed maximum height
difference at the distance between these grid cells. Moreover, an approximate ground
surface slope variable is employed to improve the filter function to suit the overall slope
in the DSM. Furthermore, for removal of blunders, a confidence interval can be evaluated
[24].

3. MATERIALS AND METHODS

The dataset employed in this investigation constitute a clipped part DSM in rural
landscape of the whole DSM for Vaihingen city in Germany. The test DSM is of 0.09-meter
ground resolution was generated from digital aerial imagery stereo pairs with the use of
dense matching algorithm under the Match-T DSM module working under INPHO
digital photogrammetry and image processing software and provided by the German
Association of Photogrammetry and Remote Sensing (DGPF) who generated the DSM
and the orthoimage of the test site at 0.09-meter ground resolution [27, 28]. The dataset
represents a subset of large amount of test data exploited for testing of digital aerial
cameras and was captured by the DGPF [29, 30]. Figure 1 illustrates an orthoimage of the
test site located at Vaihingen city in Germany that was created by the same test DSM. The
test site is located at the west bank of a river at Vaihingen city, Germany possesses
varieties of rural landscape elements, as appear in the orthoimage, figure 1. This includes
water areas and wide paved and green parks, in addition to rows of trees and multi bay
business buildings. In carrying out of this research, bare earth models have been created
as results of filtering the DSM resulting from image matching with the slope-based filter
at varying kernel radii and have been visually and statistically analyzed. In addition,
removed object models known as the roughness layers extracted as results of filtering of
the image matching DSM with the slope-based filter at varying kernel radii have been
presented and subjected to qualitative and quantitative assessment. Moreover, closed gap
bare earth models have been generated with use of the spline interpolation methods and
subjected to qualitative and quantitative evaluations as well. Finally, accuracy estimation
of the closed gap bare earth models with employment of a handful of external ground
truth data extracted from the provided LiDAR point clouds of the test site have been
undertaken. Different image processing and GIS software including SAGA 9.3, Surfer 10,
ESRI ArcView 3.3 and LAStools have been employed in the analysis.
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Fig. 1. An ortho image of 0.09 meter ground resolution for the test site located at the
west bank of the river in Vaihingen city, Germany.

4. RESULTS AND DISCUSSION
4.1. Analysis of the Created Bare Earth Models

Fig. 2 (b - h) depicts bare earth models extracted from an aerial imagery DSM of
0.09-meter ground resolution, Fig. 2a with the use of the DTM slope-based filter working
under SAGA GIS software of varying kernel radii of 5, 9, 13, 17, 21, 25, 29 grid cells
respectively. In Fig. 2 the DTM slope-based filter of varying radii has stripped off varied
amounts of the rural landscape leaving bare earth models that can be considered as DTMs
of the test area. Clear gaps of no data have been left at the positions of the removed parts
of the rural landscape. The amounts and sizes of the removed objects increase with the
increase in the kernel radius of the DTM slope-based filter. Thus, the bare earth model in
Fig. 2b records the smallest amounts of removed objects from the DSM with use of kernel
radius of 5 grid cells. However, with increasing in the kernel radius size the amounts of
the stripped objects increased. This is obvious in Fig. 2h which is a bare earth model where
the DTM slope-based filter of kernel radius of 29 grid cells has removed the largest
amounts of the rural landscape elements. This can be easily interpretable from the
amounts and sizes of the no data gaps of white color found in the bare earth models in
Fig. 2 (b - h). Table 1 shows the statistical analysis of results of the bare earth models
created from the aerial imagery DSM, figure 2a with application of the DTM slope-based
filter of varying kernel radii of 3, 5, 9, 13, 17, 21, 25, 29, 33, 37 grid cells in addition to the
statistical analysis results of the original aerial imagery DSM in Fig. 2a. From Table 1, the
DTM slope-based filter has kept the minimum elevation, the maximum elevation, and the
range of elevations of the original DSM unchanged regardless of application of the filter
with varying kernel radii. On the other hand, the number of the data cells, the mean
elevation, the sum of elevations, the variance of elevations in addition to the standard
deviation of bare earth elevations decrease with increasing the radius of the DTM slope-
based filter as shown in Table 1 and Fig. 3. From Table 1 and Fig. 3, .the number of the no

data cells increases with increasing the radius of the slope-based filter which refers to
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increasing in the amounts of the removed landscape elements. Also, from Table 1 and Fig.
3 the standard deviation of the bare earth model elevation has decreased by about 12%
with the use of the DTM slope-based filter with kernel radius of 37 due to removal of parts

of non-ground objects.

8) h)
Fig. 2. a) Aerial imagery DSM and (b - h) bare earth models extracted through stripping off above ground
objects from the DSM with the application of DTM slope-based filter of varying kernel radii of 5, 9,13, 17,
21, 25 and 29 grid cells respectively.
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Table 1: Statistical analysis results of bare-earth models created with the use of the DTM
slope-based filter of varying kernel radii.

Bare Data No data Mean Min. Max. Range of Sum of Stand. dev. | Decrease in
Earth Cells Cells elev. elev. elevation elev. elevations | of elevation | stand. dev.
Model (m.) (meters) (meters) (meters) (meters) (meters) of elevation
kernel %)

radius (r)
r=0 14822964 0 254.305 229.702 283.501 53.799 3.77E+09 5.409 0.000
r=3 13149836 | 1673128 | 254.111 229.702 283.501 53.799 3.34E+09 5.196 3.938
r=5 12922748 | 1900216 | 254.052 229.702 283.501 53.799 3.28E+09 5.155 4.696
r=9 12595428 | 2227536 | 253.952 229.702 283.501 53.799 3.2E+09 5.086 5.972

r=13 12390945 | 2432019 | 253.873 229.702 283.480 53.778 3.15E+09 5.023 7.136

r=17 12253936 | 2569028 | 253.809 229.702 283.303 53.600 3.11E+09 4.966 8.190

r=21 12161367 | 2661597 | 253.757 229.702 283.230 53.527 3.09E+09 4914 9.151

r=25 12099377 | 2723587 | 253.714 229.702 283. 230 53.527 3.07E+09 4.867 10.020

r=29 12055383 | 2767581 | 253.679 229.702 283. 230 53.527 3.06E+09 4.826 10.778

r=33 12021809 | 2801155 | 253.650 229.702 283. 230 53.527 3.05E+09 4.789 11.462

r=37 11997959 | 2825005 | 253.628 229.702 283. 230 53.527 3.04E+09 4.759 12.017

Number of no data cells in the bare earth model Stand. dewv. of elevations in the bare earth model
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. 2500000
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A) B)
Fig. 3. A) Chart of the number of the no data cells in the bare earth models against the
radius of the DTM slope-based filter, B) Chart of the standard deviation of the bare earth
models against the size of the radius of the DTM slope-based filter.

4.2. Evaluation of the Extracted Roughness Layers

Fig. 4 shows removed object models that represent non-ground feature layers and also
can be known as the roughness layers. The roughness layers depict the removed non
ground features due to filtering aerial imagery DSM of 0.09-meter resolutions with DTM
slope-based filter of varying kernel radii as 3, 5, 9, 13, 17, 21, 25, 29 grid cells. In figures
4(a - h) the DTM slope-based filter has extracted above ground objects giving detailed
feature layers with keeping the actual elevations of the tops of different features as they
are in the original DSM. Also, in figures 4(a - h) the concentration and the amounts of the
removed objects increase with increasing the radius of the DTM slope-based filter. Mainly
the edges of features such as buildings and trees have been extracted as they are usually
of high slope values that exceed the identified threshold slope value determined as the

approximate value of the terrain slope by SAGA software.
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Fig. 4. (a - h) Roughness layers extracted through stripping off above ground features
from aerial imagery DSM with the application of DTM slope-based filter of varying
kernel radii of 3, 5, 9,13, 17, 21, 25 and 29 grid cells respectively.
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Table 2 shows the statistical analysis results of the removed object models known
as the roughness layers that contain the removed above ground features from aerial
imagery DSM with the use of the DTM slope-based filter of varying radii. Statistical
analysis of the roughness layers indicates that the DTM slope-based filter keeps same
minimum elevation in the different roughness layers regardless of increasing in the filter
radius. On the other hand, the maximum elevation values of the roughness layers increase
with increasing the radius of the DTM slope-based filter due to extraction of bigger
amounts of the above ground features as the filter radius increases. This is reflected on
increasing in the ranges of elevations, the mean elevations, the sum of elevations and the
standard deviation of the elevations within the roughness layers which indicate that these
statistical quantities increase with increasing the radius of the applied DTM slope-based
filter on the aerial imagery DSM. This is also supported by increases in the numbers of the
data cells and decreasing in the numbers of the no data cells due to increasing in the radius
of the applied DTM slope-based filter which reflects increasing in removal of above
ground features.

Table 2: Statistical analysis results of the roughness layers created with the use of the
DTM slope-based filter of varying radii.

Removed Data No data Mean Min. Max. Range of Sum of Stand. Increase in
object Cells Cells elev. (m.) | elev. (m. elev. elev. (m. elevations dev. of stand.
model (m.) (meters) elevations dev. of

filter (meters) elevations
radius (1) (%)
r=3 1673142 13149822 255.825 230.147 283.115 52.968 4.28E+08 6.666 0.0
r=5 1900229 12922735 256.023 230.147 283.133 52.986 4.87E+08 6.640 -0.390
r=9 2227550 12595414 256.299 230.147 283.409 53.262 5.71E+08 6.613 -0.795
r=13 2432033 12390931 256.504 230.147 283.501 53.355 6.24E+08 6.631 -0.525
r=17 2569042 12253922 256.670 230.147 283.501 53.355 6.59E+08 6.664 -0.030
r=21 2661611 12161353 256.810 230.147 283.501 53.355 6.84E+08 6.704 0.570
r=25 2723601 12099363 256.930 230.147 283.501 53.355 7E+08 6.748 1.230
r=29 2767595 12055369 257.031 230.147 283.501 53.355 7.11E+08 6.799 1.995
r=33 2801169 12021795 257.114 230.147 283.501 53.355 7.2E+08 6.831 2475
r=37 2825019 11997945 257.176 230.147 283.501 53.355 7.27E+08 6.865 2.985

4.3. Analysis of the Closed Gap Bare Earth Models

As shown in Fig. 2 the created bare earth models from the application of the DTM
slope-based filter of varying radius sizes on the aerial imagery DSM of 0.09-meter grid
resolutions are full of no data gaps at the positions of the removed objects. These no data
gaps affect the continuity of the DTMs and affect their employment as reliable DTMs in
various applications. Therefore, it is necessary for the created bare earth models to be
subjected to an interpolation operation to fill the gaps and obtain continuous surfaces
representing the earth’s surface as a reliable DTMs. In this analysis the created bare earth
models in figures 2 have been subjected the tool called as “close the gaps with spline”
under SAGA-GIS software package to fill all gaps in the created bare earth models and

complement the process of obtaining continuous surface DTMs. Figure 5 depicts a group
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of bare earth models extracted from aerial imagery DSM with the use of the DTM slope-
based filter working under SAGA GIS software of kernel radii of 5, 9, 13, 17, 21, 25, 29 grid
cells after filling the gap with the use of the “close the gaps with spline” tool under SAGA-
GIS. From figures 5(a) to 5(h), with increasing in the DTM slope-based filter radius the
different above ground features become thinner which refers to increasing in the amounts
of removal of above ground features. Also, continuous surfaces have been obtained,
however, even with the use of large DTM slope filter radius considerable amounts of
above ground features yet to be removed. This reflects limitations of the DTM slope-based
filter in removal of the tops of the features such as tops of the buildings and tops of trees
which do not have as high slope values as the edges of the those features.

Table 3 shows the statistical analysis results of the closed gab bare earth models
with application of the “close the gaps with spline” tool under SAGA-GIS. From table 3
the no data cells have become zero in all bare earth models due to successful closing of all
the gaps. Also, the number of data cells have become the same in all the bare earth models.
Additionally, the minimum elevation has been the same as the case before closing the
gaps. However, the maximum elevation and the consequently the range of elevations have
been decreasing with increasing the DTM slope-based filter radius after closing the gaps
that can be due to smoothing of the surface implemented by the spline interpolation
approach at wider gaps resulting from using larger filter radii. Also, decreases in the mean
elevation as well as in the sum of elevations and in the standard deviation of elevations
have been obtained due to increasing in the filter radius and the smoothing effects

implemented by the spline approach.
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Fig. 5. a) Aerial imagery DSM and (b - h) closed gab bare earth models extracted through
stripping off above ground objects from the DSM with the application of DTM slope-
based filter of varying kernel radii of 5, 9,13, 17, 21, 25 and 29 grid cells respectively and

closing the gabs with application of the spline interpolation approach.
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Table 3: statistical analysis results of the closed gab bare earth models with application
of the “close the gaps with spline” tool under SAGA-GIS.

Bare Data Nodata Mean Min. Max. Range of Sum of Standard Decrease in
earth Cells Cells elev. elev. elev. elevations elevations deviation of the standard
model (m.) (m.) (m.) (meters) (meters) elevations deviation of
(no gaps) (meters) elevations (%)
kernel
radius (r)
r=0 14822964 0 254.305 | 229.702 | 283.501 53.799 3.77E+09 5.409 0
r=5 14822964 0 254.155 | 229.702 | 283.501 53.799 3.77E+09 5.399 0.184
r=9 14822964 0 254.072 | 229.702 | 283.501 53.799 3.77E+09 5.392 0.314
r=13 14822964 0 254.010 | 229.702 | 283.480 53.778 3.77E+09 5.380 0.536
r=17 14822964 0 253.961 | 229.702 | 283.303 53.600 3.76E+09 5.365 0.813
r=21 14822964 0 253.927 | 229.702 | 283.230 53.527 3.76E+09 5.349 1.109
r=25 14822964 0 253.898 | 229.702 | 283.230 53.527 3.76E+09 5.330 1.461
r=29 14822964 0 253.875 | 229.702 | 283.230 53.527 3.76E+09 5.312 1.793
r=33 14822964 0 253.855 | 229.702 | 283.230 53.527 3.76E+09 5.293 2.145
r=37 14822964 0 253.840 | 229.702 | 283.230 53.527 3.76E+09 5.276 2.459

4.4. Accuracy Assessment of the Closed Gap Bare Earth Models

The closed gap bare earth models created from filtering of the aerial imagery DSM
of 0.09-meter ground resolution with the DTM slope-based filter of varying radii and
shown in figure 5 have been subjected to accuracy analysis in order to assess the accuracy
of elevations extracted from these models. The methodology of this test is based on
measuring point elevations from the different closed gab bare earth models at every
position of some externally and precisely measured elevation checkpoints of ground truth
elevation measurements. The differences between the elevations of the external
checkpoints and the elevations extracted from the bare earth model at the same positions
of the checkout point are calculated as residual elevations. Therefore, a similar number of
elevation residuals to the number of checkpoints can be calculated and consequently
statistically analyzed. Figure 6 shows a number of 263 external checkpoints that have been
extracted from airborne laser scanning point clouds, accompanied with the test datasets
and provided by German Society for Photogrammetry, Remote Sensing and
Geoinformation (DGPF). The external checkpoints of this testing have been randomly
extracted with the use of SAGA software to be exploited in the analysis. Figure 6 is a map
that shows the random distribution of the extracted checkpoints from the provided
airborne laser scanning point clouds at the test site area and viewed over the aerial image
matching DSM of 0.090-meter ground resolution at rural landscape area. Additionally,
the results of the statistical analysis of the calculated elevation residual are presented in
table 4. Moreover, figure 7 presents two charts that provide graphical representations of
the different statistical quantities of the calculated elevation residuals against the radius
values of the DTM slope-based filter.
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Fig. 6. Random distribution of the external check and ground truth points mapped over
an aerial imagery DSM of the test area.

Table 4. Statistical analysis of the elevation residuals calculated from the closed gap bare
earth models created through stripping off above ground objects from aerial imagery
DSM with the use of the DTM slope-based filter of varying radii at the positions of the
external checkpoints.

Slope filter radius (grid cells) 0 3 5 9 13 17 21 25 29 37

Max. residual (meters) 4.568 5.310 6.016 7.064 7.669 7.729 7.746 7.772 | 12.870 | 12.870

Min. residual (meters) -9.029 | -9.029 | -9.026 | -8.852 | -8.852 | -8.852 | -8.852 | -8.852 | -8.852 | -8.852
Range of residuals (meters) 13.597 | 14.339 | 15.042 | 15916 | 16.521 | 16.581 | 16.598 | 16.624 | 21.722 | 21.722
Mean of residuals (meters) -0.290 | -0.211 | -0.148 | -0.073 | -0.016 | 0.012 | 0.029 | 0.043 | 0.104 | 0.111
Median of residuals (meters) 0.029 | 0.035 | 0.041 0.045 | 0.046 | 0.048 | 0.052 | 0.052 | 0.055 | 0.055
Sum of residuals (meters) -76.22 | -55.57 | -38.84 | -19.27 | -4.236 | 3.227 | 7.691 | 11.386 | 27.357 | 29.072
Standard deviation of residuals 1.571 1.568 1.615 1.626 1.604 1.598 1.594 1.595 1.785 1.792

(meters)
Increase in the standard deviation of | | 191 | 5801 | 3501 | 2101 | 1719 | 1464 | 1528 | 13.622 | 14.067
residuals (%)
Standard Error of the mean (meters) 0.097 | 0.097 0.100 0.100 0.099 0.099 0.098 0.098 0.110 0.110

From Table 4 and Fig. 7A the minimum, the mean and the median residual
elevations increased slightly with the increase in the DTM slope-based filter radius. On
the other hand, the maximum residual elevations and consequently the range of residual
elevations increased with increasing the filter radius with small rates till radius of 25 grid
cells where bigger increases in those two quantities occurred. Also, from table 4 and figure
7B fluctuated increases in the standard deviation of residuals of elevations occurred with
increasing in the DTM slope-filter radius till filter radius of 25 grid cells where dramatic
increases in the standard deviation of the residual elevations resulted referring to
deterioration in the accuracy of the extracted elevations from the closed gap bare earth
models that created with DTM slope-based filter of radius bigger than 25 grid cells. Thus,
in the closed gab bare earth model created with the use of filter radius of 25 grid cells, the
standard deviation of the residuals has increased by about 1.53%. On the other hand, in
the closed gab bare earth model created with the use of filter radius of 29 grid cells the
standard deviation of the elevation residuals has increased by 13.62%. This means rapid
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deterioration of the bare earth model accuracy with increasing the filter size more than 25
grid cells. In this case DTM slope-based filter of radius size of 25 grid cells can be

considered as the optimum filter.
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Fig. 7. A) Statistics of the residual elevations against the DTM slope-based filter radius,
B) The standard deviation of the residual elevations against the DTM slope-based filter

radius.

CONCLUSIONS

For generation of a DTM all nonground cells must be eliminated from the DSM.
Removal of the non-ground grid cells from the digital stereo pair DSMs can be performed
through filtering operations. The DTM slope-based filter is one of the low pass filters
which removes the grid cells of high slopes. This research aimed at assessment of the
efficiency of the DTM slope-based filter in stripping off above ground objects from the
digital aerial imagery DSMs for creation of reliable DTMs in rural landscape. The test area
located at the west bank of a river at Vaihingen city, Germany possesses a variety of rural
landscape features. A DSM of 0.09-meter ground resolution generated with the use of the
dense matching approach has been used in the study. In this context, bare earth models
and roughness layers created due to filtering the image matching DSM with the DTM
slope-based filter at varying kernel radii in addition to closed gap bare earth models have
been visually and statistically analyzed. Moreover, accuracy estimation of the closed gap
bare earth models with external checkpoints of ground truth elevations have been
undertaken. From the analysis the following points can be drawn:

e Gaps of no data have been left at the positions of the removed landscape where the
amounts of the removed landscape increase with increases in the filter radius where the
standard deviation of the bare earth model elevations has decreased by about 12% with
the use of a filter of 37 grid cell radius.

¢ Concentrations and amounts of the removed landscape in the roughness layers increase
with increasing the radius of the DTM slope-based filter that is expressed statistically
as increases in the numbers of the data cells with decreases in the numbers of the no

data cells due to increases in the filter radius.
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e In the closed gap bare earth models continuous surfaces have been obtained, however,
even with the use of large filter radii amounts of above ground features have yet to be
removed referring to limitations of the DTM slope-base filter. However, in the closed
gap models there are decreases in the mean, sum and standard deviation of elevations
due to increases in the filter radius.

e In the closed gab bare earth model created with filter radius of 25 grid cells, the standard
deviation of the elevation residuals has increased by only 1.53%.however, with filter
radius of 29 grid cells that standard deviation has increased by 13.62% referring to rapid
deterioration in the bare earth model accuracy with increasing the filter size more than
25 grid cells.

e More investigation may be necessary for better removal of the above ground features
from the DSM with the use of the DTM slope-based filter where application of iterative

processing could be more effective in removal of above ground features.
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