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ABSTRACT

The photogrammetric method of DTM generation in built-up areas is investigated. New filtering
and classification approaches are presented. Results of practical tests with the suggested
processing of the 3D point clouds are analyzed. The obtained results of two tests (16 cm and 17
cm in the standard deviation and 14 cm and 18 cm in the 68% quantile) using large format
images from 1000 m altitude are considerably better than the results with the raw data. The
potential of the photogrammetric method for DTM generation is summarized and a comparison
with airborne laser scanning is made. Applications like the extraction of buildings from dense
point clouds or the completion and updating of existing DTMs could take advantage of using the
photogrammetric approach.

Key words: Digital Terrain Models, photogrammetric matching, filtering, error analysis

1. INTRODUCTION

Aerial photogrammetry can automatically determine elevations, which represent the surface of
the landscape. The elevations are generated on the terrain and on top of buildings, trees and other
topographic objects lying above ground. Non-topographic objects will also appear in the point
cloud. Blunders and gaps may be present in the point cloud. In order to derive a digital terrain
model (DTM) from the point cloud, all elevations, which do not represent the terrain (bare
ground), have to be removed and all gaps have to be filled by means of new data. This 3D point
cloud processing should take place automatically. Some manual editing may be necessary.
Various new tools have been developed; some of them in combination with existing GIS data.
The generation of accurate and complete DTMs can now be improved considerably. This article
deals with new tools and techniques. Tests are carried out in order to find out how efficient these
techniques are for the derivation of accurate and complete DTMs in built-up areas. Such areas are
of economic interest and the requirements regarding the accuracy and completeness are high.

In the following the photogrammetric method is shortly characterized; new filtering and
classification approaches are explained thereafter. Results of practical tests with the suggested
processing of the 3D point clouds are presented and analyzed. Finally, the potential of the
photogrammetric method for DTM generation is summarized.



2. THE PHOTOGRAMMETRIC METHOD OF DSM GENERATION

The automatic generation of DTMs is based on matching of image patches from two or more
images. The methodology is depicted in Figure 1. Corresponding parts of images are matched
using features and intensity values. The result is a point cloud which is transferred to a regular
grid by interpolation. The accuracy and density of the generated Digital Surface Model (DSM) is
improved from iteration to iteration using higher and higher resolution in the overlapping images.

Over the years a lot of research has taken place on matching image patches of a stereo pair, e.g.
(Forstner 1986), (Giilch 1994), (Ackermann & Krzystek 1995) and (Wind 2008). The task is not
simple because mismatches can occur when the imagery lacks texture and when the
corresponding image patches have differences in scale and content. The DSM may therefore
have blunders and gaps. Such areas have to be corrected and supplemented with new elevations.
The automatically generated point cloud as well as the interpolated DSM can be very dense.
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Elevations of the DSM are determined not only in the terrain, but also on top of buildings,
vegetation and other elevated objects. The elevations of temporary objects like vehicles, animals,
persons, hay stacks etc. have to be removed. Classification in terrain and off-terrain points is
therefore necessary. Filtering can already take place in the DSM generation.

The derivation of DSMs requires setting of various parameters. For example, the selection of the
size of the search window (parallax bound), the minimum correlation coefficient, and the weights
for the interpolation of the grid will influence the result. Currently there is an intense
development on such programs by professional software suppliers and also by research groups.
Development work on the generation of DTMs including testing was recently reported in (Zhang
2007), (Lemaire 2008), and (Haala & Wolff, 2009).

3. FILTERING AND CLASSIFICATION
The editing of the derived DSM data can be done in four ways:

-removing all grid meshes determined with low redundancy (e.g. less than five automatically



measured ground features)

-removing all points of poor accuracy (e.g. 6, > 0.1 %o of the flying height)
-removing elevations within areas of elevated objects (buildings, trees, hedges, etc.)
-filtering for blunders, and

-classification into terrain points and off-terrain points.

The derived indicators for poor accuracy represent only an ‘internal accuracy’. They do not
correspond to the ‘external accuracy’ determined by accurate reference values. Existing
topographic databases of urban areas can be used to find buildings and other elevated area
objects. The elevations in such areas can then be removed. A buffer zone around the elevated area
object may be useful if planimetric errors exist. Filtering should first of all detect and remove
gross errors. A threshold for the deviations from the DTM has to be defined as a parameter. The
classification into ground points and off-ground points is realized by so-called object filters.
Filters for buildings use the parameters cell size, minimum area of the building, and minimum
slope. The cell size is the distance between the grid points of the DTM. The boundaries of
buildings are detected when the specified (minimum) slope angle is exceeded. In order to qualify
as a building, all the surrounding boundaries of the building have to be present and the building
must have the specified minimum area. A vegetation filter uses four parameters: Two different
cell sizes and two heights. The cell size is used for the interpolation of an internal DTM, which is
then used to analyze the derived DSM. The cell size is selected as twice the spacing of the DSM.
The relation between the cell height and the cell size influences the degree of filtering. For a
strong filtering the cell height has to be selected much smaller than the cell size. Two
combinations of (cell size/cell height) are used for the vegetation filter. The meaning of the
various parameters is explained by means of graphics in Table 1.

The filters can be applied separately or combined for a region or for the whole project. The
described filters and editing functions are implemented in a software product of the Inpho GmbH.
More details can be taken from the manual of the producer. Overviews on general methods of
post processing are described in the literature, for example in (Vosselman 2009).

The final DTM should have a complete regular grid of elevations representing the terrain (‘bare
earth’). This means that the elevations removed by the filtering have to be replaced by new ones
using the remaining terrain points as support in the interpolation. A maximum ‘gap distance’ has
to be specified. By this completion new errors may possibly be introduced and/or gaps will
remain. Until now all operations are computer-based and can be carried out automatically.
Manual work should be avoided because of cost. Nevertheless, manual work may be necessary in
order to complete the DTM.

4. QUALITY CONTROL

The vertical accuracy is derived by means of check points of superior accuracy. The standard
accuracy measures are the Root Mean Square Error (RMSE), mean and standard deviation and
the number of gross errors. The gross errors are defined by a threshold, for example like in this
investigation by T=|Ahl > 3 - RMSE. The derived DTMs may have gross errors (blunders) and/or
a skew distribution of errors can be present. Robust accuracy measures take these phenomena
into account and should therefore be used in such cases (Hohle&Hohle 2009). They are based on
the median and the 68.3% quantile of the error distribution. The median is the middle of all errors
(Ah) placed in a sequential order. The 68.3% quantile indicates the limit of the interval [0,
Qian(0.683)] in which 68.3% of the absolute errors (IAhl) are situated.



Table 1. Filters and their parameters for editing of DSMs
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Table 2. Accuracy measures for the vertical accuracy of DTMs

Vertical error
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The checking of the horizontal (planimetric) accuracy is also necessary. Planimetric errors will
produce vertical errors if the terrain has slopes and height differences, for example at buildings. A
few check points of superior accuracy have to be used. Their spatial co-ordinates may be
determined by aero-triangulation or geodetic measurements on the ground. These reference
values are then compared with the values derived from the point cloud. The roofs of hip houses,
for example, have planes which can be intersected to points. The planes are determined by robust
adjustment. The planimetric error (RMSEp) is then calculated from the errors in the co-ordinates
(E, N) by

RMSE, = \|[RMSE? + RMSE?

In general, the planimetric errors in the photogrammetric method of DTM generation are small.

5. TESTS AND RESULTS

In order to evaluate the proposed methodology and the obtainable results two practical tests have
been carried out. They are named in the following as “Test 17 and “Test 2”. Some data are the
same in both tests, some data differ and are then written in parenthesis or marked by the number
of the test, for example “Test 2”.

5.1 Description of the test area

The test area has a size of 1.5 km>. About half of the area is covered by houses; most of them
have heights of 4-6 m. It is a typically Danish residential area including backyards with hedges,
bushes and trees. The coverage with such elevated vegetation is about 20%. The differences in
elevations are less than 20 m.

5.2 Data

The used data are aerial images, reference data and existing maps. The images were taken with a
large-format frame camera (Intergraph DMC) from an altitude of 1000 m above ground. The
ground sampling distance (GSD) was 10 cm. Four images with a forward overlap of 60% were
used for the DTM generation. Reference data are needed for the orientation of images and for the
checking of the DTMs. All of these points were determined by field measurements using
GPS/RTK. All ground control points were measured twice within a few hours between the
measurements. The precision derived from double measurements were ¢ gx= 1.2 cm and 6 z=
1.9 cm. 146 check points in the built-up area were determined. Maps in vector form were used to
extract houses, hedges and single trees. The map data have a (specified) planimetric accuracy of
op=0.1 m. In addition, a zone around the object was created (“Test 27).

5.3 DSM generation

The DSM was generated by the program “Match-T DSM” of Inpho GmbH (version 5.1.3).
Elevations are calculated from a block of images. This so-called sequential multi-image matching
is an improvement with regard to previous versions of the program. A high number of surface
points are extracted and filtered by robust algorithms. From the dense point clouds a grid of
elevations is derived by means of robust finite elements interpolation. The DSM is seamless.
Some parameters have to be set. In the tests the settings were the following:



Generation type: DTM

Grid width: 3 m (2.6 m)

Number of DEM levels: 9

Type of terrain: Undulating

Parallax bound: 16 pixels (8 pixels)

Epipolar line distance: 1 pixel (2pixel)

Threshold for the correlation coefficient: 0.8
Window size for correlation coefficient: 5 x 5 [pixelz]
Resampling: on

Adaptive matching: on

The weighting of the finite elements interpolation used default values. The size of the area was
specified by the given overlap area. Borderline correction was chosen with ‘on’. The values in
parenthesis regard “Test 2”. The results of the DSM generation are named in the following as raw
data.

54 Filtering and classification

The objective of this post processing is to remove all elevations above and below the terrain.
Such filtering occurs already when proper parameters in Match-T DSM are set. Data can be
eliminated by means of precision codes, which are derived in Match-T DSM for each elevation.
“Test 1” used Inpho’s 3D editor program “DTMaster” in addition. The filtering of the DSM can
automatically be carried out for large areas. The parameters of filters may be found by some
manual operations using the “brush” function of DTMaster. Filters for gross errors, buildings and
vegetation can be applied separately or combined in a “strategy”.

In “Test 17 the strategy “Hoe 1” and in “Test 2” the strategy “Chr 1” was applied.

Filter strategy “Hoe 1”
Gross error filter: The positive and a negative threshold value were set to 1.5 m, which is based
on the result with the raw data.

Building filter: In this filter the following parameters have been applied: Cell size=6 m, minimum
area = (20 m)”, minimum slope = 0.6. Two other building filters with similar parameters were
used in this strategy.

Vegetation filter: The four parameters of this filter type were selected with: Cell size 1 = 12 m,
cell size 2 = 6 m, cell height 1 = 1 m, cell height 2 = 0.3 m. Two other vegetation filters with
similar parameters were used in this strategy.

Filter strategy (“Chr 1”)

The gross error filter used 0.5 m as the positive and negative threshold. The value is based on the
expected RMS error. Such a small value for the threshold means that strong filtering is carried
out. Two vegetation filters were applied. The first one removed small houses and low vegetation,
the second one the large buildings and vegetation.

In addition, buildings, hedges and trees were extracted from a map data base. Buffer zones
around these objects were generated. All points in the generated areas could then be removed
from the DSM . Such “Editing based on GIS data” removes all elevations in areas where map
data of elevated objects are available.



5.5 Completion of the DTM

The DTM should have a complete regular grid. The removed elevations in the filtering have to be
replaced by new ones using interpolation with the adjacent terrain points. The maximum ‘gap
distance’ was set to 9 m (“Test 1”). Another possibility is to derive a TIN model. The method is
described in (Bayer et al. 2009) and was applied in “Test 2”.

5.6 Accuracy assessment

DTMs derived by digital photogrammetry and automatic filtering may have gross errors and a
non-normality in the distribution of errors. The standard accuracy measures and the robust
accuracy measures were therefore derived (cf. Table 2). Altogether, 146 check points were used
for the built-up area. The selection of check points was close to buildings (cf. Figure 2).

5.7 Results

The assessment of the vertical accuracy is done by comparing the reference values with the
interpolated values. If the output is a gridded DTM then bilinear interpolation is used. In case of
gaps two approaches are then used. In “Test 17 a threshold for the maximum distance to the next
grid point was specified. If this tolerated “gap distance” was exceeded, this check point was not
used. The amount of check points is then variable. In “Test 2* a linear interpolation is used after a
Triangulated Area Network (TIN) is computed (cf. Figure 3). In both tests the distribution of
errors is monitored if a normal distribution is present. Histograms of the error distributions give
an answer. In the case of non-normal distribution, it is more adequate to use the robust accuracy
measures.

The horizontal (planimetric) accuracy has been derived by means of 39 points on hip houses. The
reference points had an accuracy of RMSEp=6 cm. The comparison between the co-ordinate sets
revealed a planimetric accuracy of RMSEp=47 cm. The accuracy is sufficient. The test area is
rather flat and the assessment of the vertical accuracy will, therefore, not be affected.

In the following the assessment of the vertical accuracy is done separately for the two tests.

“Test 17

The distribution of the vertical errors is depicted in Figure 4 and 5. The distribution in the test
with raw data is not normal. This can already be judged by the number of blunders. After the
processing the large blunders are removed and the MEAN error (systematic shift of reference) is
considerably reduced. The results of “Test 1” are summarized in Figures 6 (standard accuracy
measures) and 7 (robust accuracy measures). The accuracy of the raw data (c=44 cm,
Q(0.683)=34 cm) improves by 18% and 24% respectively with the “Filter based on precision”
and by 70% and 62% respectively with the “Filter for gross error, buildings and vegetation” (“hoe
1”). The accuracy is slightly reduced when the gaps are closed by means of interpolation. The
achieved accuracy (using 146 check points) is relatively high (=16 cm, Q(0.683)=14 cm).
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The results of “Test 2” are displayed in Figures 8-11. The errors derived from the raw data have
blunders up to 3 m and the distribution is not normal (cf. Figure 8). The accuracy measures of the
raw data (6=58 cm, Q(0.683)=37cm) decrease with the “Editing based on GIS data” by 29% and
22%, respectively; with the “Filter for gross error, buildings and vegetation” by 69% and 35%
respectively. The accuracies are further improved when editing and filtering are combined. The
achieved accuracy using 146 check points is relatively high (o=17 cm, Q(0.683)=18 cm). The
distribution of the errors is normal (cf. Figure 9), there are no blunders anymore and both
accuracy measures have small values.
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Figure 8. Histogram of the error
distribution in “Test 2” / raw data.
Superimposed is the normal distribution
curve.

Figure 9. Histogram of the error
distribution in “Test 27 / editing based
on GIS data and filtering. Superimposed
is the normal distribution curve.
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The results of the two different processings, “Test 1”” and “Test 2, are about the same (16 cm and
17 cm in the standard deviation and 14 cm and 18 cm in the 68% quantile). Both filtering
approaches have improved the raw data considerably. Which set of the filter parameters is the
better one is hard to answer. Strong filtering will produce large gaps, which thereafter have to be
filled by interpolation. Errors are then introduced when the gap distance is becoming too big.

6. COMPARISON WITH AIRBORNE LASER SCANNING

DTMs can be produced by different methods. Airborne laser scanning was recently used for the
generation of DTMs for large areas. It is mainly the possibility to measure the terrain in areas
with vegetation that makes laser scanning attractive. The measurement is done from one position
only and the laser beam penetrates to the ground if the vegetation is not too dense.
Photogrammetry needs at least two images to derive elevations. The imaging rays have a rather
big inclination which makes measurements in forests difficult or impossible. The wide-angle
photography allows for large coverage and requires therefore less flying. Its accuracy depends on
the flying height. A detailed comparison between the two methods, airborne laser scanning and
aerial photogrammetry, was published in (Baltsavias 1999). In the meantime many new
innovations became known for both methodologies.

Actuality of the data is important for most of the DTM applications. The updating has only to be
done for those areas where changes in the terrain occurred. It will be relatively small areas which
have to be measured. Nation-wide photography is done in short intervals and used for updating of
vector data and renewal of the orthoimages. Images are therefore available at no cost. A detailed
study on the task of updating of DTMs by means of photogrammetry was recently published in
(Hohle 2009). Photogrammetry is a universal method which combines the mapping of
planimetric features like break lines, dikes, ditches, etc. with the mapping of elevations. High
accuracy in elevations and planimetry is achieved. In the investigations of the authors using
images with standard overlap, accuracies were achieved which approach those from laser



scanning. The density of the original data can be very high, for example 17 elevations per m” for
images of GSD=7cm and with 80% lateral overlap and 60% side lap (Haala & Wolff 2009). At
such overlap even higher accuracies can be achieved.

There are advantages and disadvantages for both methods. Laser scanning has problems with the
completeness in wet areas and areas of black colour. Such gaps have to be completed and
photogrammetry can fulfil this task economically when images exist. From a technical point of
view, it would therefore be best to combine photogrammetry with laser scanning already in the
data acquistion. Whether such a combined use is cost-effective has to be tested when hardware
and software is developed. In the meantime both methods will exist side by side. Photogrammetry
can meet the requirements of the majority of DTM applications.

7. Conclusions

The photogrammetric method for derivation of digital terrain models in built-up areas can be
considerably improved by applying filtering and editing using map data and GIS functions. This
post processing can be carried out automatically. The obtained results of the two tests (16 cm and
17 cm in the standard deviation and 14 cm and 18 cm in the 68% quantile) using large format
images from 1000 m altitude are considerably better than the results with the raw data. Gross
errors are removed. Better results can be obtained by manual editing using stereo vision. The
potential of the photogrammetric method can further be increased when the flying altitude is
reduced and imagery with higher forward and side overlap is applied so that the elevations are
determined by more than two rays. The planimetric accuracy of the DTM can easily be checked
and is usually high. The DTM can also be very dense. A high density and high planimetric
accuracy are required when buildings and other topographic objects are extracted from the point
cloud. Such applications will be carried out in the near future. The completion and updating of
DTMs is another application where photogrammetry can be used with advantage.
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