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ABSTRACT

In this paper, a thorough analysis on automatic DSM generation from imagery, acquired by the
airborne pushbroom sensor ADSAOQ, is presented. At first, the algorithmic approach is described,
focusing on its essential key components that exploit the specia geometric and radiometric
characteristics of the sensor and thus facilitate automatic extraction of 3D information. The novel
algorithm makes use of a multi-image, multi-template approach with geometrical constraints. These
constraints make use of quasi-epipolar lines, since each line has its own position and attitude, to
restrict search space. The multi-template approach uses more than one template images, while
matching is performed in pairwise mode, aiming at reducing problems occurring due to occlusions.
In addition to the above, feature-based and area-based approaches are used, where edges with
attributes, extracted points (edgels) and grid points are matched to generate a dense DSM.
Experimental results of automatic DSM generation are derived from an ADS40 dataset acquired
over Waldkirch, Switzerland and are further quantitatively analyzed and compared with respect to
the single-, multi-template strategy, the type of matched points utilized in the agorithm, as well as
the landcover. Reference data, used in this assessment have been collected by manual
measurements of mass points from the ADSA0 dataset. Therefore, error sources like conversions
among different coordinates systems, multi-temporal differences between datasets and geometrical
accuracy of sensor orientation do not influence the analysis of the results, and thus the comparison
reflects purely the internal matching accuracy. In order to take into account the effect of landcover
in the analysis, DSMs have been extracted in three test areas of different landcover type. Reference
data have been further separated into three classes of bare ground, man-made objects and trees and
statistical values are derived for the above classes.

1 INTRODUCTION
1.1 Stateof theart

The rapid technological developments of the 90's have completely redefined the mapping practice
as a whole. In less than a decade, digital techniques have come to outnumber the traditionally
analog processing methods. Supported by unprecedented demand for large volume and accurate
spatial data, these new digital techniques emerged as dominant mapping technologies by the end of
the decade. The technological change has recently aso reached the analog-camera based aerid
surveying practice, which supplies about two-thirds of spatial data for mapping and was the last
stronghold of analog techniques. Two key components of this emerging technology are the
electronic-sensor-based digital cameras and the GPS/INS- based direct platform orientation. Single-
and multi-line CCDs are employed as research tools in satellite- and airborne- based sensors and are
used to acquire panchromatic and multispectral imagery in pushbroom mode for photogrammetric
and remote sensing applications. Regarding airborne sensors, several systems have been devel oped
and among them fewer commercial ones, eg. ADS40 (LH Systems), DMC (Z/I Imaging), TLS
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(Starlabo), Ultracam-D (Vexcel). New methods, compared to the existing ones for processing of
scanned aerial films, are necessary for digital sensors, especialy line-CCD-based ones. In fact they
have significant differences to the existing film-based cameras, e.g. several (up to 9) CCD-lines
with 100% overlap, a non-perspective geometry in flight direction, different radiometric
characteristics, simultaneous multispectral imaging capabilities, more complicated imaging
geometry and integration of GPS/INS systems for determination of the position and orientation of
each line. Investigations regarding airborne linear-CCDs have been already performed regarding
camera architecture, direct georeferencing, sensor modeling, ground processing and aerial
triangulation for ADSA40 (Fricker, 2001; Hinsken et a., 2002; Sandau et al., 2000; Tempelmann et
al., 2000) and for other systems (Fritsch, 1997; Haala et a., 2000; Hoffmann et a., 2000; Leberl et
al., 2003; Tianenet al., 2003; Wewel et a., 1998). Less is published though on matching methods
and DSM generation using airborne linear CCDs and even less details are given on the agorithms
employed (Gwinner et al., 1999; Neukum, 1999, Scholten, 2000).

1.2 Characteristics of ADS40

A detailed description of the camera system and the architecture of ADS40 aready exist in the
literature (Reulke et a., 2000; Sandau et al., 2000, Tempelmann et a., 2000). In brief, ADS40
consists of seven paallel sensor lines in the focal plane of a single lens system — three panchromatic
(forward, nadir, backward), red, green, and blue lines placed next to each other and one infrared
(Figure 1) and incorporates GPS and INS technology (Applanix).
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Figure 1. Configuration of channelson ADS40

Each panchromatic channel consists of two lines, each with 12000 pixels, staggered by 0.5 pixels.

The color and near-infrared channels can support a better interpretation of imagery, classification of
vegetation and man-made objects and their use can assist and facilitate automatic object recognition
and extraction. Their use in the extraction of homologous features is of advantage from both a
radiometric and geometric point of view.

1.2.1 Geometric characteristics. In general, with line-CCDs the images overlap 100% (with frame
imagery typicaly only 60%), while the perspective distortions in the flight direction are small due
to the quas parallel projection. The problem of different image scale in flight direction is reduced
when processing rectified ADS40 images. ADS40 channels are rectified onto a height plane (Levl
images) and therefore differences due to scale, but also rotation and shear that exist in raw images
(Lev 0 images) are removed to a large extent. Rectified images are used for stereo viewing and also
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In the matching process for tie point extraction and DSM/DTM generation. All CCD lines on the
focal plane, panchromatic and multispectral, at an instant of time t have their own position and
attitude, different viewing angles and calibration, which leads to a more complicated imaging
geometry, compared to frame imagery. Geometric transformations can be more complex, however a
sufficient accuracy can be achieved by direct georeferencing, using a GPSINS system, and
subsequent improvement of orientation and calibration using GCPs.

The use of multiple channels can increase reliability and accuracy of matching results and the
different viewing angles help to disambiguate difficult matching cases and thus generate reliable
photogrammetric products, reducing manual postprocessing.

1.2.2 Radiometric characteristics. ADS0 data have a dynamic range of up to 14 bits [0 — 16384
GV’ (versus the usua 8 bits [0-255 GV’s] of frame imagery) and exhibit a very good signa to
noise ratio. The effective number of bitsis less in the red, green and blue channels. Histograms of
raw (Lev 0) images show a strong peak towards the darker grey vaues (about 310-340 in the
panchromatic channels). The radiometric characteristics were analyzed for various datasets acquired
in the last two years and the noise anaysis that has been performed, based on the agorithm
described in Baltsavias et a. (2001) indicated that noise is generaly low (standard deviation is
about 2 grey values), and intensity dependent. A more detailed analysis can be found in Pateraki et
a. (2002).

2 DSM EXTRACTION

2.1 General matching strategy

Most of existing matching algorithms are geared towards frame aerial imagery, while in matching
only two images are used. However, for ADSA0 a multi-image matching approach can be followed,
leading to substantial reduction of problems caused by occlusions, multiple solutions, image noise,
and surface discontinuities. Moreover higher measurement accuracy can be achieved through the
intersection of more than two image rays. Besides this, geometric constraints can be enforced and
restrict the search space along quasi-epipolar lines, using the known sensor model implemented by
LGGM (Leica Geosystems GIS and Mapping). Rectified images are used mainly for DSM
extraction for which the epipolar curve can be approximated by a line and the solution can be
constrained along the epipolar line. It has been observed that these images generally exhibit small
scale and rotation differences, especialy in the upper pyramid levels, where the use of only shiftsin
matching, without additional shaping parameters (e.g. scales and shears in Least Squares Matching
(LSM)), isjustified, reducing therefore processing time.

In the first tests, the algorithm was applied only on extracted edge pixels, derived by the Canny
operator (one pixel wide edges) or the “gradient thresholding” operator (in-house developed
algorithm, more than one pixel wide edges), using gray level images, and a multi-patch approach
(pixel accuracy) with normalized cross correlation as similarity measure. Least squares matching
(sub-pixel accuracy) is employed in the quality control only for those points, for which correlation
matching indicated that were successful candidates depending on their computed quality measures.
Since matching is performed in pairwise mode, to detect problems occurring in individual images,
the quality measures are used for each image ray. Weak rays are excluded and final 3D intersection
is computed using only the good rays (more detailed description for general strategy and automatic
error detection and in Pateraki et al., 2003).

Geometrical constraints are used in the multi-patch as well as in the LSM approach in order to
decrease the processing time and increase the reliability of the solution. For example, in texture
with repetitive patterns (e.g. agricultural fields) the constrained approach has a higher success rate
(solution is both precise and reliable), compared to the unconstrained one (solution might converge
but not always reliable), since less possible candidates exist. Figure 2 illustrates the processing steps
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of the above mentioned strategy. Along breaklines some extracted points are rejected, due to the
fact that discontinuities can not be fully modeled by single point area-based matching. As a result,
the modeling of the surface is partialy incomplete. To solve this problem, matching has been
extended to edge features with attributes (e.g. length, orientation, strength, etc.) and as an option,
additional extracted features or grid points can be included in the matching process. Grid points are
used in conjunction with larger masks in cases of areas with less texture. However mask size should
not exceed certain limits or/and include information that can not be modeled by LSM (e.g. points
close to buildings in shadowed areas).
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Figure 2. Strategy for single point area-based matching (edgels)

As mentioned before matching is performed in pairwise mode. A single or multi-template strategy
can be utilized in the matching process. In single template strategy only one image is utilized as
template and al remaining images are used as patches (commonly the nadir channel is used as
template). The multi-template strategy is justified since one template may not suffice to detect and
avoid problems occurring in matching, especially occlusions. ADS40 permits with the given
configuration of line CCDs to use more than one template and thus facilitates the identification of
errors. Detailed information about possible combinations of channels and their role in image
matching can be found in Pateraki et al. (2003).

2.2 Edge extraction

The Levl images are processed with an adaptive filtering (Baltsavias et al., 2001) to reduce noise,
then with the Wallis filter (Wallis, 1976) to enhance contrast and radiometricaly balance the
images. Single extracted edgels have to be linked into contours. The edgel aggregation is a
sequential process, where the significant contours are aggregated before the weaker ones
(Henricsson, 1996) and small gaps are bridged based on criteria of proximity and collinearity. After
the contour graph is generated, it is postprocessed based on defined attributes to remove weak
contours and obtain as long and straight contours as possible. The attributes can be geometrical (e.g.
length, curvature of contour), radiometrical (e.g. strength of edge) or topological (e.g. adjacency,
common end points). In Figure 3, the extracted edgels, the initially linked contours and the
postprocessed contours with the attributes extracted from the nadir channel are displayed.
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Figure 3. On the left, extracted edgels with the Canny operator. In the middle, the initially

linked contours. On theright, the postprocessed contours. The bright pixels along the contour
(middle and right) indicate the vertices and the darker onesthe contour pixels.
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During postprocessing some weak edges might be excluded but the advantage is that contours do
not belong to different objects (possiblly of different height). In the above approach, edge vertices
are matched first. Then, points that lie on each contour are matched sequentially with an
approximation of height, derived from the 3D coordinates of the vertices and the length of the
contour. Contours can support better representation of discontinuities compared to single point
matching. However, for DSM generation additional points are required to fill possible gaps.
Therefore, in the matching process extracted grid points and/or non linked edgels are introduced in
the lower image pyramid levels, where an approximation of the surface already exists. In this way,
robust (due to continuity and height constraint along the edge) approximations are derived in the
upper levels faster, supporting a denser extraction in the lower levels. Edges are extracted in the
template image and the single template strategy is selected for the matching. Multi template strategy
can be aso used as an option where edgels are aggregated in the first template and if template
changes then single point matching is used on the second template. If edgels were aggregated on
both templates, employing the current approach, then vertices and contour points would have to be
matched separately from each template in order to maintain the topology and they would result in a
time consuming program. For this reason, multi template strategy for edges will need to be
developed on a different concept. Additional points that are introduced in later stages of matching
can be matched either with single- or multi-template strategy (see Figure 4).
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Figure 4. Example scheme for image matching including edges with attributes, edgelsand
grid points. Singletemplate strategy can be also used for edgelsand grid pointsinstead of
multi template.

2.3 Initial approximationsfor shaping parameters

Integration of edges requires that the height of the vertices has to be computed as accurately as
possible, since this information is used for derivation of initia approximations for the connected
points along the contour to which the vertex (closed contour) or vertices (open contours) belong.
Therefore, sub-pixel accurate matching results have to be derived. In LSM, initial approximations
for the four shaping parameters (scales and shears) can be estimated by analysing the signal in the
patches (template and patch), thus increasing success and convergence rate. Since edgels have high
intensity gradients across the edge direction the error ellipse will not be isotropic and initial shaping
parameters for the patches can be computed from differences in edge direction and the ratios of
semi-major and semi-minor axes of the signal ellipse of template and patch (Figure 5).

Thus, approximate position is required and can be obtained by the multi-patch approach. Tests
showed that for single point matching with and without a priori estimation of the shaping
parameters, iterations decreased by a factor of three and success rate increased (35% for 20 match
points).
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Figure 5. On the left, in the middle, on the right the error ellipses for a point on Backward,

Nadir and Forward channel respectively. The values for the error ellipses have been
calculated out of a patch 15 x 15 centered on the given point (cross).

3 EXPERIMENTAL RESULTS
3.1 Dataset

The processed dataset was acquired over the region of Waldkirch in Switzerland in May 2002 and
included panchromatic and multispectral imagery. A block of images has been delivered including
four paralel and two cross strips. Only rectified (Levl) images from one strip have been used till
now, with a ground sampling distance of 0.21 m. The coordinates were defined in WGS84. In order
to evaluate the algorithmic performance for DSM generation and the internal matching accuracy,
manually collected mass points from the ADS40 imagery have been used as reference data and have
been classified to: () bare ground (BE), (ii) man-made objects (MMO) and (iii) trees (T). An
analysis has been performed for the 3 separate classes. DSMs have been extracted in 3 test regions
of different landcover: (a) bare ground, (b) bare ground and forest, (c) bare ground and man-made
objects. All test regions, illustrated in Figure 6, had a smooth terrain relief. The size of area A, B
and C was 2000 x 1000, 1500 x 1000 and 1500 x1500 pixels respectively.

Figure 6. On theleft, in the middle, on theright thetest areas A, B and C respectively. Images
have been processed (brightened) for visualization pur poses.

3.2 Strategiesand analysis

In previous tests Pateraki et. al, 2003), accuracy increased with the number of images used
(significant improvement when using three instead of two images, less when using four instead of
three). The backward, nadir and forward channels were used in al tests. The analysis focuses on the
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comparison of the strategies (single-, multi-template) as well as how different selected features for
matching (edges, edgels, grid,) influence the accuracy of the result. In the single template strategy,
the nadir channel has been used as template and in the multi-template strategy the outer channels (in
this case, backward and forward panchromatic). In al tests, five pyramid levels combined with
doublet strategy (Pateraki et al. 2003) were used. Raw DSM points without any postprocessing (e.g.
filtering, modeling of breaklines) and interpolated elevations of the reference-measured points were
utilized to compute elevation differences (mean with sign, standard deviation and RMS). Landcover
variation in the three test areas justified the use of different strategies in terms of template and
feature selection. In area A, single- and multi-image strategies have been applied on extracted
edgels and the single template strategy on grid points with a predefined step of 5 pixels which
corresponds approximately to 1m on the ground (Table 1).

Singletemplate strategy Multi-template strategy
Edgels (308000) Grid (60000) Edgels (:367000)
mean | RMS St mea RMS St mean | RMS | St. Dev.
Dev. n Dev.
BE (100) 0.18 0.45 036 | 017 | 043 0.34 0.27 0.45 0.29

Table 1. Quantitative analysis of matching accuracy in test area A with respect to the
selection of matching strategy (in parenthesis the matched points). Compared with bare
earth (BE), wherein parenthesisthe interpolated points. All statistical measur es of
differencesarein m.

In view of the fact that the terrain was smooth (no discontinuities) and relatively many features
have been extracted in the agricultural fields due to contrast enhancement, computation of edges
with attributes was meaningless as well as costly. Multi template strategy derived better results
compared to the other but in terms of time, extraction and matching of grid points was faster
compared to edge pixels (even with higher thresholds for Canny many features have been extracted
due to contrast enhancement that has been applied in the whole image with constant parameters for
all areas).

Test area B included complex objects (small and large building blocks, trees close to roofs, etc.).
Besides, a few or no points have been extracted in shadowed areas close to the base of buildings.
The integration of edges with attributes was of an advantage in the representation of discontinuities,
since points on the perimeter of buildings (contour points) were not only constrained along the
epipolar line but aso within the computed height range, derived from the successfully matched
vertices. First, only edges with attributes have been matched and identical points were compared
with 100 measured roof corners. The mean Z difference was — 0.33 m and the RMS was 0.65 m.
Even though points have been successfully matched still some were rejected (by automatic error
detection) due to the fact that the geometrical differences between template and patch could not be
modeled by the affine transformation in LSM. Unlinked edgels and grid points have been used in
the lower levels (1 and 0) to generate a denser surface.

As it can be seen in the anaysis (Table 2) when all man-made objects were included, accuracy
degraded since some points along building outlines were rejected by automatic error detection and
therefore elevation was interpolated from the nearest points which apparently were on the ground or
on near-by edges. Therefore these interpolated elevations were indicated as blunders in the analysis
but in reality not enough points have been successfully matched. It is aso apparent that the
differencein landcover compared to test area A decreased the accuracy even when results are only
compared with bare earth (BE). This is due to the fact that the object surface is more complex,
without many open areas as in test area A. As it was expected, accuracy improves for the multi-
template approach. Grid points deliver similar results but faster compared to edgels for both multi
and single template strategies.
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Single template Mult. templates
Edgels (62000) Grid (23000) Edagels (65300) Grid (26456)

mea | RM St. mea | RM St. mea | RM [S)te mea | RM St.

n S Dev n S Dev n S v n S Dev

BE(80) | 0.14 | 068 | 064 | 013 | 067 | 0.63 | 012 | 064 |06 | 0.11 | 0.62 | 0.55
0

MMO 050 | 117 | 093 | 048|114 | 090 | 042|107 |08 | 039 102| 0.82
(350) 6

Table 2. Quantitative analysis of matching accuracy in test area B with respect to the
selection of matching strategy. Edgels and/or grid points have been included in addition to
edges with attributes. All resultsin meters.

In general, for this type of area, it is proposed to extract an approximate DSM in the upper pyramid
levels using edges with attributes to derive a better approximation of discontinuities (coarser but
more accurate compared to grid) and then subsequently densify in the lower levels with grid points
(faster compared to edgels).

In the case of test area C, the accuracy decreased (RMS > 1.5 m for class T), as expected, since
trees were included and are considered to be one of the most difficult matching cases. Comparison
with BE derived similar results asin test area A since a large part of open area was included in test
area C.

4 CONLUSIONSAND FUTURE WORK

ADSA0 imagery enables the use of a multi-image approach with quasi-epipolar constraints in
matching. In addition to this, the promising concept of multiple templates makes use of the special
characteristics of the sensor. A combined approach of feature-based and area-based matching is
implemented. The use of edges with attributes improves overal the result when buildings are
included in the DSM. In terms of processing time, it is favorable to extract an approximate DSM,
using edge features and then fill possible gaps and improve its quality and representation of the
surface by the inclusion of grid points. On one hand are more suitable to fill gaps in areas were less
points have been extracted (weak signal) but also to represent a smooth surface with a reasonable
amount of points and therefore decrease processing time. Future work will be concentrated on more
detailed aspects of edge matching for building outlines (e.g. LSM for straight edge features) and on
the modeling of breaklines.
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