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Figure 3: Two sample relative histograms of disparity differences
wrt reference disparity map. Note the scale difference between
both diagrams.

matching between FLI-MAP and Pictometry was tested. This is
interesting, because by this means the scene can be observed from
approximately the same direction through multiple views. The
overlap from consecutive Pictometry images is not large enough
to create 3-ray points, however, incorporating also FLI-MAP ima-
ges makes this possible. Besides, this setup gives an interesting
geometry for forward intersection.

Two methods were used to assess the results: one quantitative
and one qualitative. For the quantitative assessment a reference
disparity map was computed from the FLI-MAP LIDAR data,
then the differences to the disparities from image matching were
analyzed using histograms. For a more qualitative assessment 3D
point clouds were computed from the matching results and then
assessed visually, also in comparison to the LIDAR point cloud.

Disparity map assessment For this assessment the reference
LIDAR points (density: 20 points per m?) were projected into
the image plane as defined by the respective image orientation
and calibration parameters and subsequently a reference dispar-
ity map was computed. Two issues are important here: first, only
first pulse LIDAR points should be considered, as also in the
image only the visible surface can be matched. Second, through
the oblique viewing direction as realized with the cameras one
has to take into account self-occlusion through buildings; the
laser scanner scans vertical and thus scans other parts of the scene,
especially on the backside of buildings visible in the images. To
avoid errors from that circumstance, only areas which do not
show these effects were used for the evaluation.

The disparity maps were assessed by calculating the difference
disparity map and computing a histogram out of that one. Only
pixels showing a disparity value in both maps were considered,
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Figure 4: Results from dense matching in two overlapping South-
looking Pictometry images. Top: left image and 3D cloud from
matching, center row: zoom to point cloud from matching at fa-
cades (left) and top view (right), bottom row: point cloud color
coded height: reference (left), from matching (right)

thus matched points at facades which were not acquired by the
LIDAR device can not be assessed. Two of such relative his-
tograms are shown in Fig. 3. The upper histogram shows the dif-
ferences from the matching within two Pictometry images (see
Fig. 4). For this histogram approx. 50 - 10% matches were con-
sidered (out of 2.2 - 10 in total), and around 70% of them show
a difference of £3 pixels to the reference. The histogram at the
bottom shows the analysis from the matches within two oblique
images from FLI-MAP, refer to Fig. 5. For this histogram approx.
200 - 10% matches were considered (out of 6.4 - 10° in total).
Because of the smaller baseline between consecutive FLI-MAP
images, compared to Pictometry, the overlapping area is larger,
and thus results in more matches. Approximately 60% are within
the difference of £3 pixels. All matches outside this tolerance
can be considered as blunder. A more in depth analysis revealed
that most blunders were caused in shadow areas or other areas
with poor texture. When assessing those histograms is should be
considered that errors from the image calibration and post esti-
mation also contribute to those residuals, thus a final conclusion
on the absolute matching accuracy of the SGM implementation
can not be made.

Point clouds: Pictometry to Pictometry For the following
evaluations a forward intersection of the matched points was per-
formed. A simple blunder detection was implemented by apply-
ing a threshold to the residual for image observations. For two-
ray intersections this method can filter some blunders, but be-



Figure 5: Results from dense matching in two overlapping FLI-
MAP images. Top: part of left image and point cloud from mat-
ching, centre: 3D point cloud from matching, color coded height
(left) and color picked from images, bottom row: reference point
cloud and top view to matched point cloud . The circle indicates
an elevator box which is visible in the point cloud from matching,
but not in the laser scanning data.

cause only one redundant observation is available, quite a lot of
blunders will not be detected.

The point cloud as resulted from the triangulation of matches in
a Pictometry image pair are shown in Fig. 4. The top row in
that figure shows part of the left image and an overview on the
3D scene defined by the matched point cloud. The center row
shows a zoom in to the colored point cloud from matching, fo-
cusing on some facades and the vertical view to that scene. Fi-
nally, the bottom row shows the reference point cloud at the left
hand side, where the color codes the height (one full color cycle
equals 10m). The corresponding part of the matched point cloud
is depicted on the right hand side. From that figure some interes-
ting observations can be made. Although most of the flat roofs
show poor texture, the corresponding part in the matched point
cloud is quite dense and homogeneous. However, the height of
the roof in the upper part is not correct, it is approx. 50cm lower
than shown in the reference point cloud. In the vertical view on
the point cloud from SGM the occluded areas are clearly visi-
ble, whereas the vertical fagades are not visible in the reference
point cloud. Overall, the structures are well represented, but the
mismatched pixels impose a certain level of noise to the scene.
Those mismatches can hardly be detected, as only stereo mat-
ches are available in this case. The detailed zoom on the vertical
image shows that the accuracy in x-y direction is quite good, and
apparently even better than the estimated one (sx,y: 22 —44cm).

Point clouds: FLI-MAP to FLI-MAP The triangulated point
cloud from the matching in two consecutive oblique images from
the FLI-MAP data is shown in Fig. 5. The zoom in to the col-
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Figure 6: Results from multiple view triangulation. Top: matched
point cloud, color and height, center: reference point cloud, bot-
tom: top view

ored point cloud shows quite some details, for instance the eleva-
tor box close to the statue is clearly visible. The statue itself is
well represented and even gaps in the matches where people were
walking during image exposure are clearly identifiable. However,
those views onto the point cloud were made from the viewing di-
rection of the cameras, so the main error showing and effect in
viewing direction is not visible. The estimated depth accuracy (in
viewing direction, s%;) of the along-track FLI-MAP data varies
from 90 to 130cm, and the error in X', Y”'-direction is only 2cm.
To assess the overall quality, the vertical view needs to be consid-
ered: Here the uncertainty in viewing direction is quite obvious.
If the result from the vertical view-zoom is compared to the one
from the Pictometry data (Fig.4, center row), it can be observed
that the result from the FLI-MAP data is more inaccurate. This
visually achieved observation confirms the theoretically approxi-
mated accuracy, which is about four times worse.

Point clouds: Multiple view For this experiment it was de-
sired to exclude the wrong matches from the triangulation. To
achieve this goal, the dense matching results from several mat-
ches were combined in the following manner: Dense matching
was performed in the three combinations: @ FLI-MAP1 « FLI-
MAP2; @ FLI-MAP2 «+ Pictometryl; @ FLI-MAPI1 « Pictom-
etryl. The matches from @ and @ are linked in a way that the
matching points from the right image of @ are searched in the
left image of @ and by this means corresponding matches @’
FLI-MAPI <« Pictometry] are created. In the subsequent trian-
gulation only those matches were considered which coincide with
the original matches from ®@. Thus it can be expected that through
this double check some blunders were removed. For more de-
tails on this method see (Gerke, 2008). In Fig. 6 some details on
the results are shown. The point cloud contains now less points
(1.6 - 10° points from the FLIMAP-only point cloud vs. 190 - 10*



matches here), but the overall accuracy seems to be better, see
e.g. the height of the buildings. Also the detailed look from ver-
tical shows less noise, compared to the two-fold matches before.

5 CONCLUSIONS AND OUTLOOK

This paper reports about the utilization of the dense image mat-
ching technique Semi-Global-Matching to a set of high resolu-
tion oblique airborne images. The images were acquired from
different platforms and thus in different configurations. The com-
parison of the depth maps from matching with a reference com-
puted from LIDAR data showed that roughly 70% of all mat-
ches are within an error range of & 3pixel, however, also the
residual errors from camera calibration and orientation have an
impact on this evaluation. The remaining matches can be consid-
ered as blunders. How can those blunders be removed and the
noise level be reduced? If multiple overlaps are available, sophis-
ticated error analysis prior to triangulation is feasible (Hirsch-
miiller, 2008). Also the method as applied here shows good re-
sults, namely to eliminate wrong matches through linking mat-
ches of adjacent images and applying a double check through
a direct match. Other authors use the much stronger trinocular
stereo geometry for matching (Heinrichs et al., 2007), or apply a
similarity criterion for multiple views directly (Besnerais et al.,
2008). If only two-fold overlap is available — as mostly in fa-
cade observations from oblique images — one method could be to
incorporate reliable SIFT features within the SGM approach di-
rectly: The disparities as defined by them can be used to reduce
the respective matching cost.

The point cloud as resulted from the triangulation of the respec-
tive matches revealed the sensitivity to the ray intersection angle
and base length of cameras. For instance in the case of consec-
utive FLI-MAP images the theoretic standard deviation of trian-
gulated points in viewing (depth) direction is — due to the small
effective baseline — around 1m, but perpendicular to that — due
to the low flying height — around 2cm only. In the shown ex-
amples these theoretic measures were confirmed. In the tested
images from Pictometry the intersection geometry is better be-
cause of the longer baseline. In general, the overall structures on
the building faces are well represented, but the noise reduction
needs further attention.

In the current research the focus is put on the automatic detec-
tion and extraction of buildings in oblique images. Here, the
point cloud as derived from the matching can give valuable cues.
Another issue concerns the derivation of a more complete cove-
rage by merging the point clouds as derived from different view-
ing directions. At least for the roof areas this can be done in
a similar manner as shown above, namely through linking mat-
ches, since the majority of roof areas are visible from multiple
directions.
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